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ABSTRACT	  OF	  THE	  DISSERTATION	  Failsafe	  mechanisms	  coordinate	  cell	  division	  and	  the	  initiation	  of	  DNA	  replication	  in	  bacteria	  By	  Heidi	  A.	  Arjes	  Doctor	  of	  Philosophy	  in	  Biology	  and	  Biomedical	  Sciences	  	  (Molecular	  Genetics	  and	  Genomics)	  Washington	  University	  in	  St.	  Louis,	  2014	  Professor	  Petra	  A.	  Levin,	  Chair	  	  	   	  	   During	  the	  cell	  cycle,	  a	  cell	  must	  replicate	  its	  DNA,	  segregate	  the	  genome	  and	  divide	  into	  two	  identical	  daughter	  cells	  with	  full	  chromosomes.	  This	  process	  needs	  to	  be	  specifically	  coordinated	  to	  ensure	  that	  cell	  division	  does	  not	  occur	  before	  DNA	  replication	  has	  finished	  and	  that	  the	  cell	  septates	  precisely	  at	  midcell	  to	  segregate	  one	  chromosome	  to	  each	  daughter	  cell.	  If	  cells	  divide	  before	  the	  chromosome	  is	  fully	  replicated,	  the	  chromosome	  could	  be	  guillotined	  or	  cell	  division	  could	  occur	  resulting	  in	  cells	  without	  chromosomes.	  If	  division	  does	  not	  occur	  properly,	  the	  cells	  elongate	  but	  do	  not	  divide	  and	  form	  multinucleate	  filaments.	  	  	   In	  wild-­‐type	  cells,	  DNA	  replication	  and	  cell	  division	  appear	  to	  be	  perfectly	  coordinated.	  Even	  at	  faster	  doubling	  times,	  the	  cell	  cycle	  is	  synchronized	  so	  that	  DNA	  replication	  initiates	  and	  terminates	  once	  per	  cell	  division,	  the	  cell	  division	  protein	  FtsZ	  assembles	  into	  a	  ring	  precisely	  at	  midcell,	  and	  cell	  septation	  only	  occurs	  once	  the	  
	   xiii	  
chromosome	  has	  replicated	  and	  segregated.	  Despite	  this	  apparent	  coordination,	  the	  long-­‐held	  view	  in	  the	  field	  is	  that	  cell	  division	  and	  DNA	  replication	  are	  independent	  cycles	  that	  are	  merely	  coordinated	  during	  normal	  growth.	  However,	  it	  remains	  widely	  accepted	  that	  cell	  division	  is	  independent	  from	  DNA	  replication	  in	  bacteria.	  	  	   In	  this	  dissertation,	  I	  make	  3	  contributions	  to	  the	  field	  of	  cell	  cycle	  regulation.	  First,	  I	  identify	  a	  control	  point	  that	  couples	  cell	  division	  with	  the	  initiation	  of	  DNA	  replication.	  Second,	  I	  show	  that	  long-­‐term	  inhibitions	  of	  cell	  division	  lead	  to	  terminal	  cell	  cycle	  arrest	  at	  a	  time	  we	  have	  termed	  the	  “Point	  of	  no	  return”	  or	  PONR.	  The	  PONR	  is	  equivalent	  to	  the	  eukaryotic	  G0	  arrest	  and	  validates	  the	  development	  of	  antibiotics	  that	  target	  the	  cell	  division	  machinery.	  Third,	  I	  characterized	  determinants	  for	  assembly	  of	  the	  tubulin-­‐like	  protein	  FtsZ	  using	  a	  genetic	  approach.	  This	  work	  enhances	  our	  understanding	  of	  what	  is	  critical	  for	  FtsZ	  function	  in	  vivo	  and	  highlights	  the	  need	  to	  develop	  better	  assays	  for	  evaluating	  FtsZ	  assembly	  in	  vitro.	  	  
 
CHAPTER	  1:	  
	  
Introduction	  
	   	  
	   The	  bacterial	  cell	  cycle	  must	  be	  precisely	  coordinated	  so	  that	  cell	  division	  occurs	  both	  at	  the	  correct	  time	  in	  the	  cell	  cycle,	  after	  DNA	  replication	  has	  terminated,	  and	  exactly	  at	  midcell	  to	  segregate	  the	  two	  chromosomes	  into	  identical	  daughter	  cells.	  Despite	  decades	  of	  research,	  the	  mechanisms	  by	  which	  the	  cell	  cycle	  is	  regulated	  so	  that	  these	  events	  occur	  correctly	  remains	  an	  open	  question	  in	  the	  field.	  In	  particular,	  it	  is	  not	  known	  how	  cell	  division	  is	  coordinated	  with	  DNA	  replication	  and	  vice	  versa.	  In	  addition,	  the	  physiological	  effects	  of	  a	  long-­‐term	  division	  block	  have	  not	  been	  studied,	  despite	  the	  implications	  on	  antibiotics	  that	  target	  the	  cell	  division	  machinery.	  In	  this	  chapter,	  I	  will	  summarize	  the	  current	  research	  regarding	  cell	  cycle	  regulation,	  in	  particular,	  the	  coordination	  of	  DNA	  replication	  and	  cell	  division,	  in	  bacteria.	  	  	  
Overview	  of	  the	  bacterial	  cell	  cycle	  The	  bacterial	  cell	  cycle,	  illustrated	  in	  Figure	  1,	  begins	  with	  a	  newborn	  daughter	  cell.	  The	  cell	  elongates	  and	  DNA	  replication	  is	  initiated.	  As	  DNA	  replication	  progresses	  the	  origins	  of	  DNA	  replication	  are	  pulled	  toward	  the	  cell	  poles.	  After	  replication	  has	  proceeded	  to	  ~60%,	  FtsZ	  can	  form	  the	  division	  ring	  at	  midcell	  (the	  Z-­‐ring)	  [1].	  The	  Z-­‐ring	  serves	  as	  a	  platform	  to	  recruit	  the	  other	  members	  of	  the	  divisome	  [2].	  After	  the	  divisome	  has	  assembled,	  FtsZ	  constricts	  at	  the	  leading	  edge	  of	  the	  invaginating	  septum,	  creating	  two	  identical	  daughter	  cells.	  (Figure	  1)	  In	  slow	  growing	  conditions	  (where	  the	  doubling	  time	  is	  greater	  than	  60	  minutes	  in	  Escherichia	  coli	  or	  Bacillus	  subtilis),	  the	  bacterial	  cell	  cycle	  is	  traditionally	  defined	  by	  three	  periods:	  the	  time	  between	  birth	  and	  the	  initiation	  of	  DNA	  
replication	  (the	  “B	  period,”	  analogous	  to	  the	  G1	  period	  in	  eukaryotes),	  chromosome	  replication	  (the	  “C	  period,”	  analogous	  to	  the	  eukaryotic	  S	  Phase)	  and	  the	  time	  from	  DNA	  replication	  termination	  to	  division	  (the	  “D	  period,”	  analogous	  to	  mitosis	  and	  cytokinesis	  in	  eukaryotes)	  (Figure	  2A)	  [3].	  	  	  This	  view	  of	  the	  cell	  cycle	  is	  complicated	  when	  cells	  are	  grown	  in	  rich	  media.	  Bacteria	  can	  have	  doubling	  rates	  that	  are	  ~20-­‐25	  minutes,	  which	  is	  much	  faster	  than	  the	  time	  it	  takes	  for	  chromosome	  replication	  to	  complete	  (40	  minutes)	  [4,	  5].	  To	  solve	  this	  dilemma,	  bacteria	  employ	  multifork	  replication	  where	  initiations	  begin	  before	  the	  previous	  round	  of	  replication	  is	  finished	  [4].	  This	  allows	  cells	  to	  be	  born	  with	  replication	  forks	  that	  are	  already	  in	  progress,	  and	  therefore	  only	  the	  most	  advanced	  round	  of	  replication	  needs	  to	  terminate	  for	  the	  cell	  to	  divide	  (Figure	  1).	  Thus,	  instead	  of	  being	  broken	  up	  into	  the	  three	  distinct	  B,	  C	  and	  D	  periods,	  a	  more	  appropriate	  view	  of	  the	  cell	  cycle	  in	  fast-­‐growing	  conditions	  is	  one	  in	  which	  DNA	  replication	  is	  ongoing	  and	  there	  is	  one	  round	  of	  DNA	  initiation	  and	  termination	  for	  every	  cell	  division	  (Figure	  2B).	  	  
CELL	  CYCLE	  REGULATION	  While	  strict	  checkpoints	  govern	  the	  eukaryotic	  cell	  cycle,	  the	  presence	  of	  analogous	  checkpoints	  in	  bacteria	  is	  a	  matter	  of	  debate.	  The	  eukaryotic	  cell	  cycle	  has	  2	  distinct	  phases,	  S	  phase	  and	  Mitosis	  (M-­‐phase)	  and	  S	  phase	  is	  further	  broken	  down	  into:	  G1	  (Gap1),	  S	  Phase	  (DNA	  synthesis),	  G2	  (Gap	  2)	  (Figure	  3)	  [6].	  Strict	  checkpoints	  and	  restriction	  points	  ensure	  that	  one	  phase	  is	  complete	  before	  starting	  the	  next	  [6].	  The	  G1-­‐S	  phase	  transition	  is	  governed	  by	  a	  “restriction	  point”	  where	  if	  conditions	  
needed	  to	  enter	  the	  cell	  cycle	  are	  not	  met,	  the	  cell	  will	  not	  enter	  S-­‐phase	  (Figure	  3)	  [6].	  Semantically,	  this	  does	  not	  constitute	  a	  true	  “checkpoint”	  as	  there	  is	  no	  checking	  mechanism	  to	  ensure	  cell	  division	  occurred	  before	  committing	  to	  S	  phase.	  To	  be	  a	  true	  “checkpoint”	  there	  must	  be	  a	  mechanism	  where	  a	  protein	  “checks”	  that	  the	  prior	  phase	  is	  completed	  properly	  before	  allowing	  the	  next	  phase	  [6].	  Such	  a	  checkpoint	  exists	  to	  ensure	  that	  DNA	  is	  correctly	  replicated	  before	  progressing	  into	  M	  phase.	  If	  DNA	  damage	  is	  present,	  the	  ATM	  kinase	  prevents	  progression	  to	  M	  phase	  and	  arrests	  the	  cell	  cycle	  (Figure	  3)	  [6].	  In	  addition,	  there	  are	  spindle	  assembly	  and	  position	  checkpoints	  that	  ensure	  proper	  chromosome	  segregation	  and	  ATM/R	  and	  Chk1/2	  mediated	  checkpoints	  that	  prevent	  S-­‐phase	  if	  a	  cell	  is	  born	  with	  damaged	  chromosomes	  [6].	  In	  contrast,	  the	  bacterial	  cell	  cycle	  is	  comprised	  of	  3	  periods	  that	  are	  distinct	  in	  slow-­‐growing	  cells	  (Figure	  2A).	  The	  B	  period	  is	  the	  time	  between	  birth	  and	  the	  initiation	  of	  chromosome	  replication	  (analogous	  to	  G1	  in	  eukaryotes)	  [3].	  The	  C	  period	  is	  the	  time	  that	  it	  takes	  to	  fully	  replicate	  the	  genome	  (analogous	  to	  S	  phase	  in	  eukayotes)	  [3].	  The	  D	  period	  encompasses	  division	  ring	  assembly	  and	  cell	  septation	  (analogous	  to	  eukaryotic	  mitosis	  and	  cytokinesis)	  [3].	  However,	  as	  described	  above,	  in	  bacteria	  with	  fast	  doubling	  times,	  DNA	  synthesis,	  chromosome	  segregation	  and	  division	  ring	  maturation	  occur	  at	  the	  same	  time.	  Therefore	  the	  bacterial	  cell	  cycle	  is	  traditionally	  viewed	  as	  an	  overlapping	  set	  of	  parallel	  processes	  in	  which	  individual	  steps	  are	  loosely	  linked	  (Figure	  2B)	  [3].	  In	  steady-­‐state	  growth	  some	  form	  of	  regulation	  must	  occur	  to	  ensure	  that	  only	  one	  initiation	  occurs	  per	  cell	  division	  [4]	  but	  the	  mechanism(s)	  that	  govern	  this	  process	  remain	  unclear.	  	  
Whether	  cell	  cycle	  checkpoints	  or	  fail-­‐safe	  mechanisms	  coordinate	  cell	  division	  with	  DNA	  replication	  has	  been	  the	  subject	  of	  significant	  debate	  [7,	  8].	  As	  elaborated	  upon	  below,	  there	  is	  compelling	  evidence	  that	  the	  initiation	  of	  DNA	  replication	  licenses	  FtsZ	  ring	  formation	  at	  midcell	  However,	  it	  is	  not	  clear	  if	  the	  completion	  of	  division	  and	  the	  initiation	  of	  DNA	  replication	  are	  simply	  coordinated	  with	  one	  another	  via	  overlapping	  regulatory	  circuits	  or	  coupled	  such	  that	  one	  event	  is	  required	  to	  license	  the	  other	  [1,	  7,	  9].	  	  	  
Does	  cell	  division	  play	  a	  role	  in	  the	  initiation	  of	  DNA	  replication	  in	  
bacteria?	  	  
Cell	  division	  and	  DNA	  replication	  have	  traditionally	  been	  viewed	  as	  independent	  events.	  This	  vision	  of	  the	  bacterial	  cell	  cycle	  as	  a	  series	  of	  coordinated	  but	  uncoupled	  events	  has	  it	  roots	  in	  the	  early	  study	  of	  bacterial	  cell	  division	  in	  which	  conditional	  mutations	  in	  cell	  division	  genes	  resulted	  in	  filamentous	  cells	  with	  regularly	  positioned	  nucleoids	  [10].	  Additionally,	  DNA	  from	  these	  cells	  was	  labeled	  with	  3H-­‐thymine,	  showing	  that	  replication	  fork	  elongation	  can	  proceed	  in	  the	  absence	  of	  division	  for	  up	  to	  2	  hours	  post	  division	  block	  [10].	  One	  caveat	  to	  these	  labeling	  experiments	  is	  a	  wild-­‐type	  control	  was	  not	  included,	  so	  it	  is	  unclear	  whether	  3H-­‐thymine	  is	  incorporated	  at	  the	  wild-­‐type	  levels.	  Further	  studies	  confirmed	  that	  in	  both	  E.	  coli	  and	  B.	  subtilis,	  inhibiting	  division	  for	  short	  periods	  of	  time	  (<	  4	  generations)	  results	  in	  the	  formation	  of	  elongated	  filaments	  with	  regularly	  positioned	  nucleoids	  (Figure	  4)	  [10-­‐13].	  The	  regularity	  of	  the	  nucleoid	  segregation	  
and	  incorporation	  of	  3H-­‐thymine	  were	  viewed	  as	  evidence	  that	  DNA	  replication	  and	  segregation	  are	  independent	  of	  cell	  division	  [10,	  14].	  	  
Nonetheless,	  cells	  tightly	  control	  the	  frequency	  of	  initiation	  such	  that	  only	  one	  initiation	  occurs	  per	  cell	  division	  in	  steady	  state	  growth.	  How	  this	  precise	  control	  is	  maintained	  if	  cell	  division	  and	  DNA	  replication	  are	  independent	  events	  presents	  a	  conundrum.	  The	  few	  experiments	  that	  suggest	  cell	  division	  licenses	  the	  initiation	  of	  DNA	  replication	  have	  been	  met	  with	  skepticism	  [7,	  8].	  
	  In	  particular,	  work	  by	  Bates	  and	  Kleckner	  suggests	  that	  cell	  division	  licenses	  DNA	  initiation.	  The	  authors	  used	  a	  baby	  cell	  column	  where	  mother	  cells	  were	  attached	  to	  a	  surface	  and	  newborn	  cells	  were	  free	  to	  swim	  away.	  By	  collecting	  fractions	  of	  media	  coming	  off	  the	  column,	  the	  authors	  could	  isolate	  synchronized	  cells	  born	  at	  the	  same	  time	  [15].	  The	  authors	  monitored	  replication	  and	  chromosome	  dynamics	  in	  these	  synchronized	  cells	  and	  showed	  that	  the	  timing	  of	  replication	  initiation	  is	  more	  closely	  related	  to	  the	  prior	  cell	  division	  event	  than	  to	  cell	  mass	  [7,	  15].	  Bates	  and	  Kleckner	  proposed	  that	  cell	  division	  may	  license	  the	  next	  round	  of	  chromosome	  initiation	  via	  a	  mechanism	  that	  couples	  the	  replication	  cycle	  and	  the	  division	  cycle	  (Figure	  5A)	  [7].	  This	  idea	  fits	  with	  a	  model	  proposed	  by	  Boye	  and	  Nyström	  where	  DNA	  replication	  and	  cell	  division	  are	  independent	  cell	  cycles	  that	  are	  coordinated	  with	  each	  other	  via	  regulatory	  mechanisms	  (Figure	  5B)	  [16].	  However,	  this	  idea	  is	  controversial	  in	  the	  field,	  as	  it	  opposes	  data	  showing	  that	  small	  
E.	  coli	  mutants	  delay	  replication	  initiation	  until	  they	  achieve	  the	  size	  at	  which	  wild-­‐type	  cells	  initiate	  [17].	  
In	  Chapter	  2,	  I	  present	  the	  first	  experimental	  evidence	  to	  support	  the	  model	  that	  cell	  division	  licenses	  DNA	  replication	  initiation.	  I	  report	  that	  blocking	  division	  in	  rich	  media	  leads	  to	  a	  block	  in	  DNA	  replication	  initiation	  prior	  to	  a	  terminal	  cell	  cycle	  arrest.	  After	  the	  arrest,	  cells	  remain	  metabolically	  active	  but	  cannot	  assemble	  FtsZ	  or	  reenter	  the	  cell	  cycle.	  This	  block	  is	  independent	  of	  levels	  of	  the	  DNA	  initiator	  protein	  DnaA.	  The	  molecular	  mechanism	  of	  how	  this	  block	  in	  division	  inhibits	  DNA	  replication	  remains	  a	  mystery	  but	  could	  involve	  other	  proteins	  that	  regulate	  DNA	  initiation	  such	  as	  Soj,	  Spo0J	  or	  YabA.	  Speculation	  into	  mechanisms	  that	  link	  cell	  division	  to	  DNA	  replication	  initiation	  will	  be	  further	  explored	  in	  Chapter	  4.	  	  
	  
DNA	  replication	  and	  chromosome	  dynamics	  regulate	  cell	  division	  
The	  role	  of	  DNA	  replication	  in	  cell	  division	  	   To	  ensure	  that	  both	  daughter	  cells	  inherit	  a	  full	  chromosome,	  FtsZ	  must	  form	  a	  ring	  precisely	  at	  midcell	  and	  septation	  must	  be	  coordinated	  with	  chromosome	  segregation.	  Chromosome	  dynamics	  including	  replication	  through	  the	  terminus,	  divisome	  association	  with	  the	  Ter	  macrodomain,	  chromosome	  structure	  and	  nucleoid	  occlusion	  have	  all	  been	  linked	  to	  proper	  regulation	  of	  cell	  division.	  This	  multi-­‐pronged	  regulation	  helps	  ensure	  that	  division	  occurs	  in	  midcell	  to	  efficiently	  segregate	  the	  one	  replicated	  chromosome	  to	  each	  daughter	  cell.	  While	  replication	  through	  the	  terminus	  and	  septation	  coincide	  in	  fast-­‐growing	  cells,	  replication	  of	  DNA	  at	  the	  terminus	  is	  not	  essential	  for	  septation.	  In	  outgrowing	  B.	  subtilis	  spores	  when	  the	  first	  round	  of	  DNA	  replication	  is	  blocked	  
septum	  formation	  occurs	  after	  the	  chromosome	  is	  60%	  replicated	  that	  guillotines	  the	  chromosome	  [18,	  19].	  These	  experiments	  show	  that	  the	  termination	  of	  DNA	  replication	  is	  not	  necessary	  for	  midcell	  septation.	  	  Although	  replication	  through	  the	  terminus	  is	  not	  necessary	  for	  septation	  at	  midcell,	  new	  evidence	  has	  pointed	  to	  a	  role	  of	  the	  coupling	  of	  Ter	  macrodomain	  segregation	  and	  cell	  division.	  In	  E.	  coli,	  the	  Ter	  macrodomain	  comprises	  an	  800	  kilobase	  region	  containing	  the	  DNA	  terminus	  and	  the	  chromosome	  dimer	  dif	  site	  [20].	  Ter	  macrodomain	  localization	  is	  tightly	  controlled	  and	  important	  for	  proper	  DNA	  segregation	  and	  cell	  division.	  The	  Ter	  macrodomain	  is	  localized	  to	  midcell	  for	  the	  majority	  of	  the	  cell	  cycle	  and	  segregates	  just	  prior	  to	  division,	  when	  it	  quickly	  relocates	  to	  the	  new	  midcell	  [20].	  The	  Ter	  macrodomain	  is	  anchored	  at	  midcell	  through	  an	  interaction	  between	  MatP	  (a	  protein	  that	  binds	  to	  the	  matS	  site	  on	  the	  Ter	  macrodomain)	  and	  the	  division	  apparatus-­‐associated	  protein	  ZapB	  [21].	  MatP	  was	  shown	  to	  interact	  directly	  with	  ZapB	  via	  bacterial	  two-­‐hybrid	  analysis	  [21].	  
matP	  deletions	  decreased	  the	  structure	  of	  the	  Ter	  macrodomain	  and	  resulted	  in	  more	  abnormal	  divisions	  with	  ~20%	  of	  cells	  displayed	  filamentous	  phenotypes	  with	  unsegregated	  nucleoids	  [21].	  Combining	  matP	  zapB	  deletions	  increased	  the	  proportion	  of	  cells	  with	  filamentous	  phenotypes	  and	  unsegregated	  or	  anucleate	  cells	  to	  ~50%	  [21].	  This	  link	  between	  the	  Ter	  macrodomain	  and	  the	  divisome	  helps	  couple	  DNA	  segregation	  and	  cell	  division.	  	  
The	  role	  of	  chromosome	  structure	  in	  cell	  division	  
	   In	  bacteria,	  chromosomes	  are	  highly	  ordered	  into	  compact	  nucleoids.	  Nucleoid	  organization	  is	  transmitted	  form	  one	  generation	  to	  the	  next	  by	  progressive	  segregation	  of	  daughter	  chromosomes	  [22].	  Several	  experiments	  using	  fluorescent	  probes	  to	  label	  chromosomal	  regions	  have	  shown	  that	  DNA	  is	  highly	  organized	  and	  reproducibly	  oriented	  within	  the	  cell	  [22].	  In	  particular,	  the	  chromosome	  in	  B.	  
subtilis	  is	  always	  oriented	  so	  that	  the	  origin	  is	  oriented	  toward	  the	  newer	  pole	  and	  the	  terminus	  is	  oriented	  toward	  the	  pole	  that	  has	  more	  recently	  divided	  [22].	  While	  DNA	  is	  similarly	  compacted	  in	  E.	  coli,	  the	  orientation	  is	  different,	  with	  the	  origin	  localized	  to	  midcell,	  the	  right	  and	  left	  arms	  of	  the	  chromosome	  oriented	  in	  their	  respective	  halves	  of	  the	  cell	  and	  the	  terminus	  localized	  to	  either	  side	  of	  the	  cell	  center	  [22].	  	  	   Chromosome	  structure	  has	  also	  been	  shown	  to	  play	  a	  role	  in	  proper	  DNA	  replication,	  segregation	  and	  cell	  division.	  The	  B.	  subtilis	  protein	  Smc,	  which	  shares	  homology	  to	  the	  eukaryotic	  SMC	  (structural	  maintenance	  of	  chromosomes)	  family,	  is	  necessary	  for	  efficient	  chromosome	  partitioning	  [23].	  Disruptions	  in	  smc	  result	  in	  lethality	  in	  fast	  growing	  conditions	  [23].	  Under	  slow	  growing	  conditions,	  cells	  exhibited	  division	  defects	  characterized	  by	  anucleate	  and	  elongated	  cells	  with	  diffuse	  nucleoids	  [23].	  	  	  
DNA	  damage	  and	  stalled	  replication	  forks	  can	  block	  cell	  division	  To	  date	  only	  one	  “true”	  checkpoint	  mechanism	  has	  been	  characterized	  in	  bacterial	  cells.	  DNA	  damage	  induces	  the	  SOS	  response	  to	  block	  cell	  division	  until	  the	  
cell	  can	  repair	  its	  DNA.	  Similar	  checkpoint-­‐like	  mechanisms	  have	  been	  observed	  when	  stalled	  replication	  forks	  block	  division	  but	  the	  molecular	  details	  of	  this	  mechanism	  have	  not	  yet	  been	  identified.	  	  In	  the	  SOS	  response,	  RecA	  “checks”	  for	  DNA	  damage	  and	  mediates	  a	  response	  to	  block	  cell	  division	  until	  the	  damage	  is	  repaired.	  The	  SOS	  response	  is	  activated	  after	  a	  variety	  of	  DNA-­‐damaging	  agents	  including	  UV	  radiation,	  the	  absence	  of	  thymine	  and	  chemical	  mutagenesis	  that	  causes	  double-­‐stranded	  breaks	  [24,	  25].	  In	  
E.	  coli,	  after	  DNA	  damage	  is	  sensed,	  RecA	  inactivates	  the	  transcriptional	  repressor	  LexA,	  thereby	  derepressing	  genes	  in	  the	  LexA	  regulon	  that	  are	  involved	  in	  DNA	  repair	  and	  survival	  after	  DNA	  damage	  (SOS	  response)	  [25].	  SulA,	  a	  member	  of	  the	  LexA	  regulon,	  directly	  inhibits	  FtsZ	  and	  prevents	  ring	  formation,	  thus	  disrupting	  the	  cell	  cycle	  and	  giving	  the	  repair	  machinery	  time	  to	  repair	  the	  DNA	  before	  allowing	  division	  [26,	  27].	  In	  addition	  to	  the	  SOS	  response,	  it	  has	  been	  suggested	  that	  there	  exists	  another	  “checkpoint-­‐like”	  mechanism	  that	  blocks	  division	  in	  the	  event	  of	  a	  stalled	  replication	  fork.	  Stalled	  replication	  forks	  are	  thought	  to	  occur	  when	  the	  replicative	  helicase	  encounters	  tight	  protein-­‐DNA	  barriers	  [28].	  While	  areas	  where	  forks	  tend	  to	  stall	  coincide	  with	  recombination	  hot	  spots,	  the	  replisome	  is	  likely	  to	  remain	  assembled	  at	  the	  stalled	  fork	  as	  replication	  can	  promptly	  resume	  upon	  removal	  of	  the	  barrier	  [28].	  In	  an	  experiment	  that	  employed	  repressor	  proteins	  bound	  to	  operator	  arrays	  to	  stall	  the	  replication	  fork,	  cell	  division	  was	  prevented	  and	  cells	  elongated	  and	  could	  not	  form	  colonies	  when	  plated	  [29].	  The	  authors	  posited	  that	  the	  replication	  
roadblock	  caused	  a	  “checkpoint-­‐like”	  response	  to	  block	  division	  until	  replication	  could	  be	  repaired	  [29].	  Surprisingly,	  this	  response	  was	  independent	  of	  the	  SOS	  response	  induced	  upon	  DNA	  damage	  and	  Noc,	  the	  protein	  that	  is	  proposed	  to	  mediate	  nucleoid	  occlusion	  in	  B.	  subtilis	  [29].	  	  	  
The	  role	  of	  Min	  and	  nucleoid	  occlusion	  in	  division	  site	  selection 
	   Much	  about	  how	  FtsZ	  forms	  a	  ring	  precisely	  at	  midcell	  has	  been	  identified	  in	  the	  last	  three	  decades.	  In	  particular,	  the	  Min	  system,	  which	  functions	  to	  prevent	  polar	  FtsZ	  assembly	  in	  rod-­‐shaped	  bacteria,	  has	  been	  well-­‐studied	  in	  the	  field.	  MinC	  interacts	  directly	  with	  FtsZ	  to	  prevent	  its	  assembly,	  while	  MinD	  interacts	  with	  MinC	  [30].	  In	  E.	  coli,	  MinCD	  oscillate	  from	  one	  pole	  to	  the	  other	  creating	  a	  gradient	  of	  FtsZ	  ring	  inhibition	  that	  is	  most	  present	  at	  the	  poles	  [30].	  In	  B.	  subtilis,	  MinCD	  are	  localized	  to	  the	  curved	  membranes	  at	  the	  cell	  poles	  via	  DivIVA	  and	  MinJ	  [30].	  The	  presence	  of	  MinC	  at	  the	  cell	  poles	  prevents	  polar	  FtsZ	  assembly	  and	  aberrant	  divisions.	  	   While	  the	  Min	  system	  serves	  to	  prevent	  rings	  over	  the	  poles,	  a	  second	  mechanism	  called	  nucleoid	  occlusion	  prevents	  FtsZ	  ring	  formation	  over	  unsegregated	  nucleoids	  [31].	  In	  E.	  coli,	  SlmA	  mediates	  nucleoid	  occlusion.	  It	  binds	  to	  specific	  sequences	  on	  the	  nucleoids	  and	  directly	  antagonizes	  FtsZ	  polymerization	  [32].	  In	  B.	  subtilis,	  Noc	  mediates	  nucleoid	  occlusion,	  although	  it	  is	  unclear	  how	  Noc	  influences	  FtsZ	  ring	  formation	  [31].	  	  
The	  role	  of	  DNA	  replication	  initiation	  in	  division	  site	  selection Work	  from	  the	  Wake	  and	  Harry	  labs	  has	  shown	  that	  the	  initiation	  of	  DNA	  replication	  plays	  an	  important	  role	  in	  proper	  FtsZ	  ring	  placement	  and	  septation	  in	  outgrowing	  B.	  subtilis	  spores.	  This	  initiation-­‐dependent	  midcell	  ring	  placement	  is	  independent	  of	  the	  min	  system	  that	  prevents	  polar	  FtsZ	  assembly	  and	  the	  nucleoid	  occlusion	  effector	  protein	  Noc	  (summarized	  in	  the	  previous	  section).	  Inhibiting	  DNA	  initiation	  in	  outgrowing	  spores	  results	  in	  a	  ~25-­‐fold	  decrease	  in	  septation	  at	  the	  time	  of	  the	  first	  division	  [33].	  In	  a	  separate	  report,	  after	  blocking	  DNA	  initiation	  in	  outgrown	  spores,	  FtsZ	  ring	  formation	  near	  the	  time	  of	  the	  first	  division	  caused	  a	  46%	  drop	  in	  FtsZ	  ring	  formation	  [34].	  Most	  of	  the	  rings	  that	  were	  able	  to	  form	  were	  to	  one	  side	  of	  the	  nucleoid	  [34].	  Additionally,	  Moriya	  et	  al	  reported	  that	  blocking	  initiation	  using	  a	  temperature	  sensitive	  mutation	  in	  dnaB,	  the	  clamp	  co-­‐loader,	  drastically	  reduced	  midcell	  FtsZ	  ring	  placement.	  In	  that	  study,	  only	  8%	  of	  cells	  blocked	  for	  the	  initiation	  of	  DNA	  replication	  contained	  midcell	  FtsZ	  rings	  (as	  compared	  to	  84%	  of	  wild-­‐type	  cells)	  and	  these	  midcell	  rings	  only	  occurred	  when	  there	  was	  no	  DNA	  at	  midcell	  [35].	  If	  blocked	  for	  initiation	  for	  an	  extended	  time,	  these	  outgrowing	  spores	  cannot	  recover	  when	  shifted	  to	  permissive	  conditions	  (Liz	  Harry,	  personal	  communication).	  These	  experiments	  show	  that	  if	  initiation	  does	  not	  occur,	  FtsZ-­‐rings	  form	  less	  frequently	  and	  do	  not	  occur	  at	  midcell.	  	  The	  experiments	  above	  all	  suggest	  that	  DNA	  replication	  initiation	  establishes	  a	  site	  for	  FtsZ	  assembly,	  but	  the	  mechanism	  through	  which	  this	  acts	  is	  not	  known.	  Importantly,	  Min	  and	  nucleoid	  occlusion,	  regulatory	  systems	  that	  prevent	  FtsZ	  ring	  formation	  at	  the	  cell	  poles	  and	  over	  the	  nucleoid,	  respectively,	  are	  not	  integral	  
components	  of	  this	  mechanism.	  In	  an	  experiment	  where	  both	  min	  and	  noc	  were	  absent	  in	  outgrowing	  cells,	  FtsZ-­‐rings	  were	  able	  to	  form	  at	  midcell,	  albeit	  with	  a	  delay	  and	  reduction	  in	  efficiency	  [36].	  A	  model	  for	  Z-­‐ring	  positioning	  has	  been	  proposed	  called	  the	  “ready-­‐set-­‐go”	  model,	  in	  which	  progress	  of	  the	  initiation	  phase	  of	  DNA	  replication	  leads	  to	  a	  positive	  signal	  that	  promotes	  maturation	  of	  a	  midcell	  site	  for	  FtsZ	  assembly	  [1].	  In	  this	  model,	  initiation	  is	  necessary	  for	  midcell	  ring	  formation	  and	  both	  the	  Min	  and	  nucleoid	  occlusion	  systems	  help	  direct	  FtsZ	  assembly	  to	  this	  site.	  The	  above	  data	  support	  to	  the	  model	  that	  the	  progression	  of	  DNA	  initiation	  plays	  a	  role	  in	  establishing	  sites	  for	  FtsZ	  assembly	  at	  midcell	  and	  that	  stalled	  replication	  forks	  can	  trigger	  a	  mechanism	  to	  block	  division.	  In	  Chapter	  2,	  I	  present	  data	  that	  expand	  on	  the	  regulatory	  role	  of	  DNA	  replication	  initiation	  in	  FtsZ	  ring	  placement	  and	  division.	  I	  show	  that	  when	  DNA	  initiation	  is	  blocked	  in	  steady-­‐state	  conditions	  in	  rich	  media,	  FtsZ-­‐ring	  assembly	  is	  drastically	  reduced,	  and	  if	  DNA	  replication	  initiation	  is	  blocked	  for	  more	  than	  4	  mass	  doubling	  periods,	  the	  cells	  cannot	  recover	  division	  when	  returned	  to	  permissive	  conditions	  even	  though	  the	  cells	  are	  alive.	  Additionally,	  I	  show	  evidence	  that	  blocking	  division	  results	  in	  DNA	  replication	  blocks	  at	  initiation,	  and	  these	  replication	  blocks	  causes	  entry	  into	  an	  unrecoverable	  state	  where	  cells	  remain	  metabolically	  active	  but	  cannot	  resume	  growth	  or	  division	  (See	  next	  section	  and	  Chapter	  2	  for	  more	  detail).	  
	  
Cells	  blocked	  for	  division	  encounter	  a	  terminal	  cell-­‐cycle	  arrest	  
Early	  work	  on	  the	  original	  fts	  (filamentation	  temperature	  sensitive)	  mutants	  suggested	  that	  inhibiting	  division	  for	  longer	  periods	  of	  time	  (>5	  generations)	  leads	  to	  a	  growth	  arrest	  and	  a	  precipitous	  drop	  in	  colony	  forming	  units	  (CFU).	  As	  CFU	  counts	  are	  a	  standard	  means	  of	  determining	  bacterial	  viability,	  the	  drop	  in	  colony	  forming	  units	  was	  interpreted	  as	  evidence	  of	  cell	  death	  [10,	  11,	  14].	  
Contrary	  to	  the	  interpretation	  that	  the	  viability	  drop	  corresponds	  to	  cell	  death,	  my	  findings	  suggest	  that	  cells	  extensively	  blocked	  for	  cell	  division	  remain	  alive	  following	  the	  growth	  arrest.	  Experiments	  detailed	  in	  Chapter	  2	  indicate	  that	  the	  drop	  in	  colony	  forming	  ability	  actually	  results	  from	  the	  cells	  encountering	  a	  terminal	  cell	  cycle	  arrest.	  I	  have	  termed	  the	  time	  cells	  arrest	  in	  growth	  as	  the	  “point	  of	  no	  return”	  (PONR)	  because	  cells	  remain	  alive	  and	  metabolically	  active	  but	  are	  unable	  to	  recover	  FtsZ	  ring	  formation	  and	  division	  past	  the	  PONR.	  This	  cell	  cycle	  arrest	  is	  analogous	  to	  the	  G0	  arrest	  in	  eukaryotic	  cells	  where	  cells	  exit	  the	  cell	  cycle	  rather	  than	  beginning	  a	  new	  round	  of	  chromosome	  replication.	  
In	  addition,	  I	  found	  that	  blocking	  DNA	  replication	  initiation	  also	  resulted	  in	  a	  terminal	  cell	  cycle	  arrest	  ~2	  generations	  prior	  to	  the	  cell	  cycle	  arrest	  caused	  by	  a	  block	  in	  division.	  This	  arrest	  is	  characterized	  by	  an	  inability	  of	  FtsZ-­‐rings	  to	  form	  when	  shifted	  to	  permissive	  conditions	  and	  confirms	  that	  the	  initiation	  of	  DNA	  replication	  is	  needed	  for	  FtsZ	  assembly.	  	  
Based	  on	  these	  data,	  I	  propose	  that	  blocking	  cell	  division	  or	  DNA	  replication	  initiation	  triggers	  a	  fail-­‐safe	  mechanism	  where	  cells	  that	  cannot	  divide	  fail	  to	  initiate	  
DNA	  replication	  and	  cells	  that	  do	  not	  initiate	  replication	  cannot	  form	  an	  FtsZ-­‐ring.	  The	  cell	  has	  the	  time	  up	  to	  the	  PONR	  to	  repair	  its	  division	  or	  DNA	  replication	  and	  reenter	  the	  cell	  cycle	  (Figure	  6).	  If	  the	  cell	  cannot	  recover	  in	  that	  period,	  it	  passes	  the	  PONR	  and	  terminally	  exits	  the	  cell	  cycle	  (Figure	  6).	  
	  
The	  PONR	  can	  serve	  to	  remove	  aged	  or	  defective	  cells	  from	  a	  population	  
The	  benefit	  of	  a	  terminal	  cell	  cycle	  arrest	  in	  a	  single-­‐celled	  organism,	  where	  the	  goal	  of	  that	  organism	  is	  to	  divide,	  is	  not	  immediately	  obvious	  and	  has	  been	  met	  with	  skepticism	  in	  the	  field	  [37].	  However,	  in	  nature,	  bacteria	  can	  exist	  in	  populations	  of	  identical	  cells	  and	  even	  in	  communities	  working	  together.	  In	  this	  altruistic	  event,	  a	  cell	  that	  is	  incapable	  of	  undergoing	  DNA	  replication	  or	  division	  would	  remove	  itself	  from	  the	  population	  and	  thereby	  benefit	  the	  species	  as	  a	  whole	  by	  not	  competing	  for	  nutrients	  and	  not	  propagating	  defective	  cells	  [37].	  	  
	   This	  concept	  is	  evident	  as	  a	  mechanism	  to	  remove	  highly	  aged	  cells	  from	  an	  aged	  
E.	  coli	  population.	  In	  experiments	  that	  follow	  a	  mother	  cell	  through	  several	  hundred	  generations,	  filamentation	  is	  much	  more	  likely	  to	  occur	  in	  very	  old	  cells.	  In	  mother	  cell	  machines,	  a	  cell	  is	  entrenched	  in	  a	  well	  in	  a	  microfluidic	  device	  and	  provided	  with	  constant	  nutrients	  so	  that	  the	  cell	  can	  be	  observed	  as	  it	  ages	  [38].	  Mother	  cells	  that	  had	  undergone	  50	  or	  more	  divisions	  were	  increasingly	  likely	  to	  undergo	  filamentation	  supporting	  the	  mechanism	  that	  filamentation	  and	  the	  resulting	  cell	  cycle	  arrest	  might	  separate	  aged	  or	  unhealthy	  cells	  from	  the	  rest	  of	  the	  population	  
[38].	  Additionally,	  by	  ~150	  generations,	  more	  than	  half	  of	  the	  mother	  cells	  had	  filamented	  [38].	  	  
	  
Cell	  cycle	  machinery	  as	  an	  antibiotic	  target	  
	   The	  widespread	  emergence	  of	  antibiotic	  resistance	  has	  long	  been	  seen	  as	  a	  growing	  threat	  to	  public	  health	  [39-­‐41].	  The	  CDC	  estimates	  that	  more	  than	  2	  million	  people	  are	  sickened	  and	  at	  least	  23,000	  die	  due	  to	  antibiotic	  resistant	  infections	  the	  United	  States	  every	  year	  [42].	  18	  microorganisms,	  including	  Clostridium	  difficile,	  carbapenem-­‐resistant	  enterobacteriaceae,	  Neisseria	  gonorrhoeae	  and	  methicillin	  resistant	  Staphylococcus	  aureus	  (MRSA)	  currently	  pose	  concerning,	  serious,	  or	  urgent	  antibiotic	  resistant	  threats	  [42].	  With	  these	  bacteria	  becoming	  increasingly	  resistant	  to	  all	  known	  classes	  of	  antibiotics,	  the	  search	  for	  new	  antibiotics	  is	  of	  utmost	  importance.	  
	   DNA	  replication	  is	  a	  good	  target	  for	  antibiotics	  as	  demonstrated	  by	  the	  quinolone	  family	  of	  antibiotics	  that	  act	  on	  DNA	  gyrase	  and	  topoisomerase	  and	  prevent	  the	  unwinding	  and	  duplication	  of	  DNA	  [43].	  Recently,	  nonsteriodal	  anti-­‐inflammatory	  drugs	  were	  shown	  to	  have	  antibacterial	  effects	  through	  interfering	  with	  the	  interaction	  of	  the	  DNA	  clamp	  loader	  or	  the	  replicative	  polymerase	  with	  the	  sliding	  clamp	  [44].	  The	  cell	  division	  machinery	  has	  been	  viewed	  as	  a	  good	  candidate	  for	  novel	  antibiotic	  design	  because,	  unlike	  the	  DNA	  replication	  machinery,	  most	  of	  the	  proteins	  involved	  with	  bacterial	  division	  not	  conserved	  in	  humans	  [45].	  In	  addition,	  most	  divisome	  components	  are	  essential	  for	  bacterial	  viability	  and	  are	  conserved	  in	  
many	  bacterial	  pathogens	  [45].	  Potential	  drugs	  could	  either	  interfere	  with	  nucleotide	  binding	  (GTP	  binding	  in	  FtsZ	  or	  ATP	  binding	  in	  FtsE)	  or	  the	  protein-­‐protein	  interactions	  necessary	  for	  divisome	  assembly	  and	  septation	  [45].	  Substantial	  work	  has	  gone	  into	  screens	  for	  small	  molecules	  that	  inhibit	  FtsZ	  [45].	  One	  compound,	  PC190723,	  has	  been	  shown	  to	  directly	  inhibit	  FtsZ	  in	  S.	  aureus	  and	  has	  been	  shown	  to	  be	  effective	  against	  MRSA	  and	  has	  a	  synergistic	  effect	  with	  β-­‐lactam	  antibiotics	  [46].	  This	  shows	  that	  FtsZ	  is	  a	  viable	  target	  for	  antibiotics.	  Future	  work	  will	  undoubtedly	  focus	  on	  identifying	  a	  broad-­‐spectrum	  FtsZ	  inhibitor.	  In	  addition	  to	  FtsZ,	  several	  other	  divisome	  targets	  exist	  [45].	  One	  target,	  FtsA	  is	  an	  ATPase	  that	  helps	  anchor	  FtsZ	  in	  the	  membrane	  [45].	  FtsA	  is	  essential	  in	  E.	  coli	  and	  Streptococcus	  pneumonia,	  and	  potential	  antibiotics	  could	  target	  FtsA’s	  ATPase	  activity	  and/or	  its	  interaction	  with	  FtsZ	  [45].	  Additional	  targets	  include	  interactions	  between	  FtsZ	  and	  ZipA,	  FtsZ	  and	  ZapA,	  FtsE	  and	  FtsX	  [45].	  The	  downstream	  division	  proteins	  such	  as	  FtsL,	  FtsB,	  FtsQ,	  FtsI,	  FtsK,	  FtsN,	  or	  FtsW	  are	  especially	  intriguing	  targets,	  as	  they	  are	  integral	  membrane	  proteins	  and	  drugs	  that	  target	  these	  proteins	  may	  not	  need	  to	  pass	  through	  the	  cytoplasmic	  membrane	  [45].	  These	  later	  assembling	  proteins	  also	  have	  several	  protein-­‐protein	  interactions	  with	  each	  other	  that	  could	  potentially	  serve	  as	  drug	  targets	  [45].	  	  
CHARACTERIZATION	  OF	  RESIDUES	  IN	  FTSZ	  IMPORTANT	  FOR	  GTP	  
HYDROLYSIS	  
	   Work	  detailed	  in	  Chapter	  3	  describes	  experiments	  that	  characterize	  intragenic	  suppressors	  of	  a	  temperature	  sensitive	  mutant	  of	  FtsZ,	  FtsZ84.	  FtsZ84	  is	  
defective	  for	  GTPase	  activity	  in	  vitro	  but	  can	  assemble	  and	  permit	  division	  at	  the	  permissive	  conditions.	  The	  specific	  role	  of	  GTP	  hydrolysis	  in	  FtsZ	  ring	  assembly	  and	  constriction	  in	  vivo	  is	  a	  matter	  of	  some	  debate.	  When	  an	  FtsZ	  ring	  is	  present	  in	  the	  cell,	  approximately	  30%	  of	  FtsZ	  is	  in	  the	  ring	  while	  the	  remaining	  amount	  is	  cytoplasmic	  [47].	  There	  is	  dynamic	  turnover	  between	  the	  ring	  and	  the	  cytoplasmic	  ring	  with	  a	  subunit	  turnover	  rate	  of	  ~10s	  [47].	  Harold	  Erickson	  has	  proposed	  based	  on	  data	  that	  GTP	  hydrolysis	  results	  in	  a	  transition	  from	  a	  straight	  to	  a	  bent	  protofilament	  that	  GTP	  hydrolysis	  in	  vivo	  leads	  to	  “bent”	  protofilaments	  that	  can	  generate	  a	  constrictive	  force	  [47].	  This	  model	  is	  supported	  by	  data	  showing	  FtsZ	  tethered	  to	  a	  membrane	  in	  tubular	  liposomes	  has	  been	  shown	  to	  create	  a	  constrictive	  force	  [48,	  49],	  but	  it	  ignores	  the	  role	  of	  other	  proteins	  that	  assemble	  with	  the	  division	  ring.	  	   FtsZ84	  is	  clearly	  able	  to	  form	  rings	  and	  support	  division	  at	  permissive	  conditions,	  despite	  its	  reduced	  GTPase	  activity.	  However	  FtsZ84	  does	  not	  assemble	  into	  protofilaments	  in	  vitro	  [50-­‐52].	  In	  Chapter	  3,	  I	  identify	  intragenic	  suppressors	  of	  FtsZ84	  that	  restore	  its	  ability	  to	  form	  rings	  and	  support	  division	  under	  nonpermissive	  conditions	  and	  raise	  its	  GTPase	  activity,	  but	  do	  not	  restore	  in	  vitro	  assembly	  via	  the	  traditional	  assays	  used	  by	  the	  field.	  This	  disconnect	  between	  in	  
vitro	  assembly	  assays	  and	  in	  vivo	  assembly	  suggests	  that	  new	  in	  vitro	  assembly	  assays	  are	  needed	  to	  better	  approximate	  in	  vivo	  activity.	  Additionally,	  the	  result	  that	  FtsZ84	  suppressor	  mutants	  can	  assemble	  in	  nonpermissive	  conditions	  suggests	  that	  intracellular	  modulatory	  proteins	  may	  play	  a	  greater	  role	  in	  FtsZ	  ring	  formation	  and	  constriction	  than	  commonly	  thought.	   	  
SIGNIFICANCE,	  SUMMARY,	  AND	  SCOPE	  OF	  DISSERTATION	  
	   Since	  the	  early	  reports	  of	  the	  bacterial	  cell	  cycle,	  we	  have	  seen	  tremendous	  advances	  in	  our	  understanding	  of	  bacterial	  cell	  division.	  Specifically,	  remarkable	  work	  has	  uncovered	  the	  mechanisms	  underlying	  DNA	  replication	  and	  bacterial	  cytokinesis.	  Many	  of	  the	  proteins	  that	  compose	  the	  division	  machinery	  and	  the	  factors	  controlling	  its	  assembly	  have	  been	  identified	  and	  characterized.	  However	  the	  mechanisms	  that	  ensure	  proper	  cell	  cycle	  progression	  and	  connect	  cell	  division	  to	  DNA	  replication	  are	  still	  a	  mystery.	  In	  particular,	  it	  remains	  unclear	  how	  cell	  division	  is	  coupled	  to	  DNA	  replication	  to	  ensure	  that	  only	  one	  round	  of	  DNA	  replication	  initiation	  occurs	  per	  cell	  division	  cycle.	  	   In	  the	  1960s,	  the	  first	  descriptions	  of	  mutants	  defective	  for	  cell	  division	  showed	  that	  chromosomes	  could	  replicate	  and	  segregate	  upon	  a	  division	  block	  [10].	  Since	  then,	  cell	  division	  has	  been	  viewed	  as	  independent	  from	  DNA	  replication.	  This	  view	  remains	  widely	  accepted	  in	  the	  field	  and	  had	  not	  been	  experimentally	  challenged.	  In	  this	  dissertation,	  I	  provide	  the	  first	  experimental	  evidence	  that	  cell	  division	  regulates	  the	  initiation	  of	  DNA	  replication.	  In	  Chapter	  2,	  I	  demonstrate	  that	  blocking	  division	  results	  in	  a	  gradual	  decrease	  in	  DNA	  replication.	  I	  further	  show	  this	  decrease	  is	  mediated	  by	  blocking	  DNA	  replication	  at	  the	  level	  of	  initiation	  as	  the	  ratio	  of	  origin	  proximal	  DNA	  to	  terminus	  proximal	  DNA	  decreases	  and	  I	  visualize	  a	  decrease	  in	  the	  number	  of	  origins	  per	  cell.	  This	  evidence	  that	  cell	  division	  regulates	  DNA	  replication	  initiation	  is	  counter	  to	  the	  prevailing	  view	  of	  cell	  division	  being	  independent	  of	  DNA	  replication	  and	  will	  undoubtedly	  contribute	  fundamentally	  to	  the	  understanding	  of	  the	  cell	  cycle	  in	  bacteria.	  
	   In	  addition,	  I	  show	  that	  Bacillus	  subtilis	  cells	  subjected	  to	  a	  block	  in	  division	  for	  more	  than	  5	  mass	  doubling	  periods	  encounter	  a	  “point	  of	  no	  return”	  (PONR)	  after	  which	  they	  remain	  alive	  and	  metabolically	  active	  but	  cannot	  resume	  division	  when	  returned	  to	  permissive	  conditions.	  A	  similar	  cell	  cycle	  arrest	  occurs	  a	  few	  mass	  doubling	  periods	  following	  a	  DNA	  initiation	  block,	  suggesting	  that	  the	  division-­‐dependent	  DNA	  initiation	  block	  mediates	  entry	  into	  the	  PONR.	  I	  show	  that	  a	  PONR	  also	  exists	  when	  Staphylococcus	  aureus	  is	  subjected	  to	  an	  antibiotic-­‐induced	  division	  block.	  The	  terminal	  nature	  of	  the	  cell	  cycle	  arrest	  validates	  the	  cell	  division	  machinery	  as	  a	  great	  target	  for	  antibiotics	  due	  to	  the	  fact	  that,	  once	  cells	  encounter	  the	  PONR,	  they	  cannot	  recover	  even	  if	  the	  antibiotic	  is	  removed.	  	  	   In	  Chapter	  3,	  I	  present	  data	  that	  identifies	  3	  residues	  important	  for	  the	  GTP	  binding	  and	  hydrolysis	  of	  FtsZ.	  Mutations	  in	  these	  residues	  restore	  temperature	  resistance	  to	  an	  ftsZ	  allele,	  ftsZ84.	  I	  also	  show	  data	  that	  these	  mutations	  restore	  GTPase	  activity	  to	  FtsZ84,	  but	  they	  do	  not	  restore	  in	  vitro	  assembly	  via	  commonly	  used	  assembly	  assays.	  This	  calls	  into	  question	  the	  use	  of	  these	  in	  vitro	  assays	  as	  a	  measure	  of	  in	  vivo	  assembly	  and	  suggests	  the	  presence	  of	  factors	  in	  the	  cell	  that	  help	  nucleate	  or	  stabilize	  FtsZ	  assembly,	  especially	  when	  the	  FtsZ	  has	  reduced	  GTPase	  activity.	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Figure	  1:	  Overview	  of	  the	  cell	  division	  cycle	  in	  rod-­‐shaped	  bacteria	  undergoing	  
multifork	  replication.	  1. A	  newborn	  cell	  undergoing	  multifork	  replication	  is	  born	  with	  multiple	  origins	  and	  one	  terminus.	  This	  particular	  example	  has	  4	  ongoing	  replication	  forks.	  The	  origins	  are	  indicated	  by	  black	  triangles	  and	  the	  terminus	  is	  a	  green	  “T.”	  FtsZ	  is	  cytoplasmic	  in	  monomers	  or	  short	  oligomers.	  2. Existing	  DNA	  replication	  forks	  proceed	  and	  a	  new	  round	  of	  DNA	  initiation	  commences	  at	  the	  origins	  (yellow	  stars).	  DNA	  replication	  and	  segregation	  occur	  concurrently	  and	  FtsZ	  can	  begin	  to	  assemble	  at	  midcell.	  3. Existing	  DNA	  replication	  forks	  proceed	  and	  FtsZ	  assembles	  into	  a	  ring	  at	  midcell.	  This	  ring	  serves	  as	  the	  platform	  for	  assembly	  of	  the	  division	  machinery.	  The	  furthest	  round	  of	  replication	  reaches	  the	  terminus.	  4. Existing	  DNA	  replication	  forks	  proceed.	  Replicated	  chromosomes	  are	  segregated	  and	  the	  FtsZ-­‐ring	  constricts	  on	  the	  leading	  edge	  of	  the	  invaginating	  septum.	  Septation	  results	  in	  two	  identical	  daughter	  cells.	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Figure	  2:	  Models	  of	  the	  bacterial	  cell	  cycle	  A)	  The	  “traditional”	  view	  of	  the	  bacterial	  cell	  cycle	  in	  slow	  growing	  conditions.	  The	  cycle	  is	  divided	  into	  three	  periods:	  the	  “B-­‐period”	  encompasses	  the	  time	  form	  birth	  to	  the	  initiation	  of	  DNA	  replication,	  the	  “C-­‐period”	  during	  which	  DNA	  replication	  is	  completed	  and	  the	  “D-­‐period”	  that	  includes	  the	  time	  between	  the	  termination	  of	  DNA	  replication	  and	  cell	  division,	  when	  the	  division	  machinery	  assembles	  and	  septates	  the	  cell.	  B)	  Our	  model	  of	  the	  bacterial	  cell	  cycle	  in	  multifork	  replication	  conditions.	  DNA	  replication	  is	  ongoing,	  with	  one	  initiation	  and	  termination	  per	  cell	  cycle.	  Note	  that	  the	  termination	  event	  is	  the	  conclusion	  of	  DNA	  initiation	  that	  began	  1-­‐2	  generations	  prior	  to	  the	  cell	  cycle	  shown	  and	  the	  initiation	  event	  will	  not	  result	  in	  full	  chromosome	  replication	  until	  1-­‐2	  generations	  after	  the	  cell	  cycle	  shown.	  The	  division	  ring	  is	  present	  for	  half	  to	  two-­‐thirds	  of	  the	  cell	  cycle.	  Growth	  is	  also	  ongoing	  throughout	  the	  cell	  cycle.	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Figure	  3:	  The	  eukaryotic	  cell	  cycle	  and	  bacterial	  cell	  cycle	  equivalents.	  The	  B-­‐period	  of	  the	  bacterial	  cell	  cycle	  (only	  present	  in	  slow	  growing	  cells)	  is	  analogous	  the	  Gap1	  phase	  of	  the	  eukaryotic	  cell	  cycle.	  The	  C-­‐period	  where	  chromosome	  synthesis	  takes	  place	  is	  analogous	  to	  the	  S-­‐phase.	  The	  D-­‐period	  that	  accompanies	  nucleoid	  segregation	  and	  cell	  septation	  is	  analogous	  to	  the	  eukaryotic	  M-­‐phase.	  Eukaryotic	  cells	  employ	  the	  G1-­‐S	  restriction	  point	  to	  regulate	  entry	  into	  S	  phase	  and	  the	  DNA	  damage	  checkpoint	  to	  prevent	  cells	  with	  damaged	  DNA	  from	  entering	  mitosis.	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Figure	  4:	  Cells	  blocked	  for	  division	  form	  multinucleate	  filaments	  The	  left	  panel	  illustrates	  wild-­‐type	  cells	  in	  which	  FtsZ	  (red)	  can	  assemble	  into	  the	  ring	  and	  cell	  septation	  can	  occur.	  In	  cells	  blocked	  for	  division	  for	  fewer	  than	  4	  generations,	  exponential	  cell	  growth	  and	  DNA	  segregation	  continue	  and	  the	  cells	  form	  long,	  multinucleate	  filaments.	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Figure	  5:	  Models	  of	  cell	  division	  where	  DNA	  replication	  and	  division	  comprise	  
independent	  cycles	  that	  are	  coordinated	  to	  one	  another	  A)	  The	  Bates	  and	  Kleckner	  model	  where	  the	  division	  cycle	  and	  replication	  cycle	  are	  coupled	  so	  that	  one	  division	  licenses	  the	  initiation	  of	  the	  next	  round	  of	  DNA	  initiation.	  B)	  A	  model	  adapted	  from	  Boye	  and	  Nyström	  where	  DNA	  replication	  and	  cell	  division	  are	  independent	  cycles	  that	  are	  connected	  through	  various	  mechanisms	  (colored	  arrows).	  Asterisks	  on	  the	  DNA	  replication	  cycle	  represent	  DNA	  initiations.	  	  
(Bates and Kleckner, Cell, 2005)
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Figure	  6:	  Cells	  blocked	  for	  division	  can	  recover	  before	  the	  PONR	  but	  are	  
arrested	  after	  the	  PONR	  Cells	  that	  are	  blocked	  for	  division	  for	  fewer	  than	  5	  generations	  will	  reenter	  the	  wild-­‐type	  cell	  cycle	  when	  shifted	  to	  permissive	  conditions.	  If	  the	  cells	  are	  blocked	  for	  division	  for	  ~5	  generations,	  they	  encounter	  the	  PONR,	  after	  which	  they	  remain	  alive	  and	  metabolically	  active	  but	  unable	  to	  reenter	  the	  cell	  cycle.	  	  
After ~2 generations in the absence 
of division, DNA replication initiation is 
inhibited although chromosome 
segregation and growth proceed. 
Wild-type Division 
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• After ~5 generations in the absence of division cells enter a terminal 
cell cycle arrest (the PONR) during which they remain metabolically 
active but unrecoverable.  
• Growth, DNA replication and cell division are completely inhibited. 
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 SUMMARY 
Background: The past twenty years have seen tremendous advances in our 
understanding of the mechanisms underlying bacterial cytokinesis, particularly the 
composition of the division machinery and the factors controlling its assembly. At the 
same time, however, we understand very little about the relationship between cell 
division and other cell cycle events in bacteria. 
 
Results:	  Here we report that inhibiting division in Bacillus subtilis and Staphylococcus 
aureus quickly leads to an arrest in the initiation of new rounds of DNA replication 
followed by a complete arrest in cell growth. Arrested cells are metabolically active but 
unable to initiate new rounds of either DNA replication or division when shifted to 
permissive conditions. Inhibiting DNA replication results in entry into a similar quiescent 
state, in which cells are unable to resume growth or division when returned to permissive 
conditions. 
 
Conclusions: Our findings suggest the presence of two cell cycle control points: one 
linking division to the initiation of DNA replication and another linking the initiation of 
DNA replication to division. Significantly, this evidence contradicts the prevailing view 
of the bacterial cell cycle as a series of coordinated but uncoupled events. Importantly, 
the terminal nature of the cell cycle arrest validates the bacterial cell cycle machinery as 
an effective target for antimicrobial development. 
 
 
 INTRODUCTION 
In contrast to eukaryotes where cell cycle events take place during discrete phases, 
in bacteria DNA replication, chromosome segregation and cell division can overlap with 
one another, particularly in rapidly growing cells with short generation times [1]. The 
relationship between cell division and DNA replication has been the subject of significant 
debate. Specifically, it is not clear if division and replication are simply coordinated with 
one another via overlapping regulatory circuits or coupled such that one event is required 
to license the other [2-4]. In Escherichia coli, DNA replication initiation appears to be 
regulated by cell size (via a mass-dependent accumulation of the initiator protein DnaA). 
In contrast, initiation in the soil bacterium Bacillus subtilis is independent of cell size 
suggesting the presence of a fundamentally different control mechanism [5].  
Although we understand little about the molecular mechanisms that ensure 
orderly passage through the bacterial cell cycle, the cell cycle machinery itself – 
particularly proteins involved in cytokinesis – are prime targets for the development of 
new antimicrobials. Understanding the physiological response to an extended division 
block is critical to evaluate the efficacy of antibiotics targeting the division machinery 
and to identify pathways that might play a role in the acquisition of resistance.  
While the immediate impact of a block in cell division is well known, our 
understanding of the long-term effects of inhibiting division is limited. Inhibiting division 
in rod-shaped cells for short periods of time (< 4 generations) results in the formation of 
elongated filaments [6]. Such cells exhibit multiple, regularly-positioned chromosomes, 
an observation that has been interpreted to suggest that DNA replication and segregation 
are independent of cell division [6]. Early work on the original fts (filamentation 
 temperature sensitive) mutants suggests that inhibiting division for longer periods of time 
(>5 generations) leads to a growth arrest and a precipitous drop in colony forming units 
(CFU), which was interpreted as evidence of cell death [6, 7]. 
Here we report that blocking cell division in B. subtilis and the human pathogen 
Staphylococcus aureus leads to an arrest in DNA replication followed by entry into a 
quiescent, but metabolically active state. Despite retaining polarized, intact membranes 
and exhibiting normal rates of protein synthesis, these cells were unable to grow or divide 
if returned to permissive conditions. Blocking DNA replication results in entry into a 
similar quiescent state. 
By exposing the existence of heretofore-unknown control points responsible for 
coupling division and DNA replication, this study makes a fundamental contribution to 
our understanding of the bacterial cell cycle. From a broader perspective, the 
unrecoverable nature of cells after blocking division for only a few generations validates 
the cell division machinery as an outstanding target for antimicrobial development. 
 
  
 RESULTS 
An extended block in cell division leads to a metabolically active but unrecoverable 
state 
To determine the impact of an extended block in cell division on cell physiology 
in B. subtilis, we took advantage of strains in which cell division can be blocked 
conditionally: one in which synthesis of the essential tubulin-like cell division protein 
FtsZ was dependent on a xylose inducible promoter, Pxyl-ftsZ (PL2084 – ftsZ::spc, 
thrC::Pxyl-ftsZ, xylA::tet) [8], one encoding a heat sensitive allele of ftsZ, ftsZts (PL642 –  
ftsZ::ftsZ-gfp) [9], and one encoding a heat sensitive allele of a protein required for 
septum formation, divICts (PL146 – divIC::divICts) [10]. FtsZ assembles into a ring 
structure that serves as a scaffold for the division machinery at nascent septal sites [11]. 
DivIC is a membrane-anchored component of the division machinery that assembles 
downstream of FtsZ and contributes to the integrity of the cytokinetic ring [12, 13]. 
Under permissive conditions, all three strains form FtsZ rings and septa (Figure S1). Pxyl-
ftsZ and ftsZts strains exhibit wild-type mass doubling times and the growth rate of the 
divICts strain was ~30% slower than wild type (Table S1). For comparative purposes, we 
normalized the growth rates between strains and culture conditions using exponential 
mass doubling period(s) (MDP) as our unit of time (Table S1).  
Following a shift to nonpermissive conditions, all three strains continued to 
increase in mass at normal rates for several generations until growth abruptly arrested 
(Figure 1A-C). Pxyl-ftsZ and ftsZts increased in mass for ~5 MDP while divICts only grew 
for ~3 MDP after the shift to nonpermissive conditions. divICts cell exhibited a growth 
 defect and were somewhat filamentous even under permissive conditions, which may 
have contributed to the earlier onset of the growth arrest (Table S1, Figure S1B).  
Cells at the transition between exponential growth and the growth arrest were 
highly filamentous and contained regularly spaced, condensed chromosomes (Figure 2A, 
S1). Culture density remained essentially constant for ~25 MDP following the initial 
growth arrest, at which point suppressor mutants that restored FtsZ levels overtook the 
majority of cultures (Figure S2). These suppressor mutations were present prior to the 
shift to nonpermissive conditions in a very small fraction (~1 in 106) of the original 
culture (Table S2).  
  The growth arrest observed at ~5 MDP for the Pxyl-ftsZ and ftsZts strains and at ~3 
MDP for the divICts mutant was irreversible. Shifting cultures to permissive conditions 
following the growth arrest failed to yield any significant increase in optical density 
(Figure 1A-C). In addition, cells sampled immediately after the growth arrest were unable 
to form colonies under permissive conditions. Plating efficiency dropped ~100 fold after 
5 MDP under nonpermissive conditions in all three strains and ~1000 fold in Pxyl-ftsZ and 
ftsZts strains after 7 MDP under nonpermissive conditions (Figure 1D).  
The inability to recover following the shift to permissive conditions differentiates 
these cells from persisters, which are dormant variants that occur stochastically in wild-
type populations and can divide and grow following the removal of an antibiotic [14]. 
Based on the inability of cells blocked for division to recover after they stop growing, we 
have termed the time of growth arrest as the Point of No Return (PONR). 
 Cells retain membrane integrity and protein synthesis after the PONR 
To test whether cells remained alive subsequent to the PONR, we examined 
membrane integrity and protein synthesis in cells before and after the growth arrest. 
Membrane integrity signifies the presence of an intact electron transport chain and 
protein synthesis is an indicator of metabolic activity and normal rates of biosynthesis. 
We assessed membrane integrity using propidium iodide (PI), a nucleic acid 
binding agent that cannot pass through intact membranes [15]. Prior to the growth arrest 
(3 MDP) 100% of Pxyl-ftsZ and 98% of ftsZts cells were refractory to PI staining (Figure 
1E). At the growth arrest (5 MDP for Pxyl-ftsZ and ftsZts, 3 MDP for divICts) 99% of 
Pxyl-ftsZ, 96% of ftsZts and 81% of divICts remained impermeable to PI staining (Figure 
1E). Even after the PONR, 7 MDP post FtsZ depletion 97% of Pxyl-ftsZ, 92% of ftsZts 
and 66% of divICts remained resistant to PI staining (Figure 1E). Again, we attribute the 
more severe phenotype of the divICts mutant to its growth defect at permissive conditions. 
Regardless, the majority of cells have intact membranes past the PONR.   
Although membrane integrity was maintained, we observed an increase in the 
frequency of aberrant membrane staining in filaments cultured past the PONR (Fig S3A). 
Transmission electron microscopy of Pxyl-ftsZ cells sampled prior to the PONR (2.6 
MDP) revealed irregular clusters of membrane invaginations, while more frequent and 
elaborate invaginations and membrane-bound vesicles were visible in images of cells 
sampled after the PONR at 7.8 and 10.4 MDP (Figure S3B-C). 
Protein synthesis was unaffected by an extended block in cell division.  Pulse 
labeling Pxyl-ftsZ cells with 35S-methionine indicated that protein synthesis rates remain 
near wild type up to 9 MDP (~4 MDP after the PONR) following FtsZ depletion in Pxyl-
 ftsZ cells (Figure 1F). In our control, no 35S-methionine incorporation was observed 
following the addition of the translation inhibitor chloramphenicol to induced Pxyl-ftsZ 
cells (Figure 1F). Together, the presence of intact membranes and robust protein 
synthesis indicate that cells remain metabolically active well past the PONR.  
 
Inhibiting cell division triggers an arrest in DNA replication  
Although membrane integrity and protein synthesis were largely unaffected by the 
growth arrest, DNA staining revealed a marked impact on chromosome number and 
morphology. As previously reported, nucleoids (discrete DNA-containing units) 
segregate normally prior to the PONR (Figure 2A, S1A-B) [6, 7, 16]. After the PONR, 
however, we began to observe a clear deterioration in both the size and position of 
nucleoids, culminating in the formation of long, apparently discontinuous structures (Fig 
2A, S1A-B). Consistent with the deterioration in nucleoid number and morphology, the 
length-per-nucleoid ratio in Pxyl-ftsZ cells increased substantially from ~1.7 µm per 
nucleoid in the presence of xylose to ~6.7 µm per nucleoid after 10.4 MDP in the absence 
of inducer (Figure 2A).  
The abnormal nucleoid morphology suggested DNA replication might be 
defective in cells subjected to a prolonged block in division. To investigate whether DNA 
replication was in fact perturbed, we used the thymidine analog 5-ethynyl-2′-
deoxyuridine (EdU) to label replicating DNA in Pxyl-ftsZ cells sampled at different time 
points following the removal of inducer (methods) [17, 18]. Consistent with a block in 
DNA replication, we observed a significant decline in EdU levels within two generations 
of growth in the absence of FtsZ. EdU staining in Pxyl-ftsZ cells cultured in the absence of 
 xylose was reduced by ~20% at 2.6 MDP relative to cells cultured in the presence of 
inducer, was further reduced by ~60% after 5.2 MDP and was essentially non-existent at 
10.4 MDP (Figure 2B, upper panel).  
 
DNA replication is blocked at initiation following division inhibition 
The gradual loss of EdU staining following FtsZ depletion suggested cells were 
blocked at initiation, the earliest stage in DNA replication. Defects in initiation allow 
ongoing replication forks to complete but block new rounds of replication [7]. Fast 
growing B. subtilis cultured in nutrient rich medium undergo multifork replication and 
have up to 16 replication forks proceeding simultaneously [19]. Pxyl-ftsZ thus have 
sufficient genetic material for at least 3 rounds of chromosome segregation in the absence 
of new initiation events [19]. 
To confirm that DNA replication was blocked at initiation, we first employed 
marker frequency analysis using qPCR to amplify origin and terminus proximal 
sequences and calculate the ratio of the origin to terminus DNA (ori:ter) [5]. Under our 
experimental conditions, cells can have up to eight copies of the origin region but only 
one or two copies of the chromosomal terminus. Inhibiting replication at initiation but 
permitting completion of ongoing replication forks thus leads to a reduction in the ori:ter 
ratio. Conversely, if replication is inhibited at elongation, the ori:ter ratio should remain 
constant. 
In support of the idea that initiation is coupled to the successful completion of 
cytokinesis, we observed a steady decline in the ori:ter ratio in Pxyl-ftsZ cells cultured in 
 the absence of inducer. Marker frequency analysis revealed a 20% reduction in the ori:ter 
ratio from 5:1 to 4:1 at the PONR (5.2 MDP post FtsZ depletion) (Figure 2C). The ori:ter 
ratio continued to decline after the PONR and was reduced by 60% (ori:ter ratio of 2:1) 
~3 MDP after the PONR (7.8 MDP) (Figure 2C). The failure to reach a 1:1 ori:ter ratio 
(the expected outcome of a complete arrest specifically at initiation) suggests the 
presence of a secondary arrest in elongation after the PONR.  
To validate data from marker frequency analysis, we employed a CFP fusion to 
Spo0J to directly visualize origin proximal DNA in live cells. Spo0J is a DNA binding 
protein that recognizes a site near the origin of replication (oriC) and has previously been 
used to evaluate changes in origin frequency and/or position [20]. As reported, Spo0J-
CFP labeling was punctate in induced cells [20], with a cell length-per-origin (focus) 
ratio of ~1.43 µm (Figure 2E). Consistent with a block in initiation, the cell length-per-
origin increased to 4.11 µm/focus at the PONR (5.2 MDP), after which Spo0J-CFP 
became too diffuse to use as a proxy for origin number (Figure 2E). Together with 
marker frequency analysis, these results support a model in which inhibiting division 
triggers a block in replication initiation prior to the PONR. 
We hypothesized that the defect in replication initiation might be a consequence 
of a reduction in accumulation of DnaA. A highly conserved AAA+ ATPase, ATP-bound 
DnaA binds to oriC to activate DNA replication [2-4, 21]. DnaA is rate limiting for 
initiation and a reduction in DnaA levels in FtsZ depleted cells would provide a 
straightforward explanation for the defect in replication. In support of this idea, we 
observed a transient drop in DnaA concentration to ~60% of wild type levels at the 
PONR (5.2 MDP post FtsZ depletion) (Figure 2D, top). 
 However, modest overexpression of DnaA suggests the block in initiation 
observed in cells subjected to a block in division is independent of DnaA accumulation. 
Increasing intracellular DnaA levels ~1.3 to 1.5 times wild-type levels using an IPTG 
inducible construct (PIPTG-dnaA) failed to bypass the block in DNA replication triggered 
by depletion of FtsZ (Figure 2B, D, bottom). EdU incorporation in Pxyl-ftsZ, PIPTG-dnaA 
cells decreased to 83% at 2.6 MDP following FtsZ depletion and to 57% at the PONR 
(5.2 MDP) (Figure 2B, bottom). After the PONR, EdU levels in the same strain decreased 
to near background, 6% and 3% of the control at 7.8 and 10.4 MDP, respectively (Figure 
2B, bottom). We speculate that the dip in DnaA levels is due to a transient increase in the 
ratio of DnaA to oriC DNA following the abrupt arrest in growth at the PONR and the 
subsequent autorepression of dnaA expression [5, 22]. 
Our finding that inhibiting division results in an arrest in DNA replication 
initiation calls into question the prevailing view that, in bacteria, division and DNA 
replication are independent processes. Instead, our data suggest the presence of a 
heretofore-unknown cell cycle control point responsible for ensuring that cells do not 
initiate new rounds of replication prior to completion of division. 
 
FtsZ rings are unable to form after the PONR 
The block in DNA replication together with the unrecoverable nature of cells 
subsequent to the PONR suggested the onset of a terminal cell cycle arrest. To confirm 
this possibility, we examined the ability of cells cultured past the PONR to support 
assembly of FtsZ rings at nascent division sites following a shift to permissive 
temperatures. This experiment took advantage of ftsZts cells, which encode a functional, 
 heat-sensitive ftsZ-gfp fusion [6, 9]. Shifting ftsZts cells to the restrictive temperature 
leads to an immediate arrest in FtsZ assembly, although extant FtsZ-GFP rings are stable 
up to 5 MDP at 45°C (Figure S1A)[6, 9]. FtsZ-GFP levels were constant regardless of 
temperature (Figure S1D, top).  
Consistent with the onset of a terminal cell cycle arrest, the PONR served as a 
sharp boundary in the ability of ftsZts cells to form FtsZ rings when shifted to permissive 
conditions. FtsZ assembly was restored if ftsZts cells were downshifted from 45°C to 
30°C prior to the PONR (1 or 3 MDP at 45°C) (Figure 3). However, new FtsZ rings 
failed to form in ftsZts cells downshifted to permissive conditions after the PONR (7 
MDP after the shift to 45°C) (Figure 3, S4A). ftsZts cells exhibited a cell length-to-FtsZ 
ring (L/R) ratio of 7.3 µm under permissive conditions, 7.2 µm when cultured at 45°C for 
1 MDP and then shifted to 30°C for 1 MDP, and 12.1 µm when cultured at 45°C for 3 
MDP and shifted to 30°C for 1 MDP (Figure 3). Downshifting ftsZts cells at the PONR (5 
MDP), in contrast, resulted in a L/R ratio of 37 µm. No FtsZ rings were visible when 
cells were downshifted after the PONR (7 MDP) (Figure 3). Significantly, the timing of 
the cell division arrest at the PONR rules out delocalization of the MinCD division 
inhibitor as FtsZ rings form readily in cells downshifted prior to the PONR, a period 
when MinCD should already be delocalized [6, 7, 23].  
The loss of division potential after the PONR appears to be a general response to 
an extended block in division. Both Pxyl-ftsZ and divICts cells cultured past the PONR 
were similarly incapable of forming new FtsZ rings (Figure S4). The divICts result is 
particularly intriguing, as DivIC is required for steps in division subsequent to FtsZ 
 assembly, reinforcing the idea that a general block in division is sufficient to trigger the 
PONR.  
 
An extended block DNA replication initiation leads to entry into a quiescent, but 
unrecoverable state 
The onset of the replication arrest several generations prior to the PONR 
suggested that inhibition of DNA replication, rather than the division block, might be the 
proximal trigger for entry into the quiescent state. To test this possibility, we employed a 
strain encoding a conditional mutation in dnaB, encoding the replicative helicase co-
loader [8, 24]. dnaB134ts (dnaBts) mutants can initiate new rounds of DNA replication at 
the permissive temperature of 30°C but are unable to do so upon a shift to the 
nonpermissive temperature of 45°C [9, 24]. Similar to what has been observed in other 
initiation mutants, inhibiting replication in dnaBts mutants led to the formation of 
somewhat elongated cells containing single, centrally positioned nucleoid masses (Figure 
4D)[10, 25-28]. 
Inhibiting replication initiation resulted in a growth arrest and entry into a non-
recoverable state similar to that observed in cells subjected to a prolonged block in 
division. dnaBts cells continued to increase in mass for ~3 MDP before growth abruptly 
arrested (Figure 4A). While downshifting dnaBts cells to 30°C prior to the growth arrest 
resulted in almost full recovery (as measured by OD600), mutants were unable to recover 
when shifted to permissive conditions after 5 MDP at 45°C (Figure 4A). Colony-forming 
ability was similarly impaired after the growth arrest in dnaBts cells cultured at 45°C 
(Figure 5B). We observed a modest ~30% reduction in CFUs if cells were plated at 
 permissive conditions after 1 MDP at 45°C, however CFUs dropped by ~100-fold at 3 
MDP and were ~1000-fold lower at 5, 7, or 9 MDP (Figure 4B).   
Despite their unrecoverable nature, dnaBts cells cultured at 45°C retained intact 
membranes well past the growth arrest at 3 MDP (Figure 5C). Similar to what we 
observed in cell subjected to an extended block in division, ~97% of dnaBts cells 
remained alive and resistant to PI staining even after 9 MDP under nonpermissive 
conditions (Figure 4C).  
 
FtsZ rings are drastically reduced in number following a prolonged block in 
replication initiation  
Inhibiting DNA replication leads to an increase in the length-to-FtsZ ring (L/R) 
ratio, consistent with a block in division. Similar to what has been observed in related 
studies, after 3 MDP of growth under nonpermissive conditions, dnaBts cells were 
elongated and contained single FtsZ rings adjacent to the medially positioned nucleoids  
(Figure 4D)[11, 25-28]. Immunofluorescence microscopy indicated that the L/R ratios of 
dnaBts cells increased from 7.7 µm under permissive conditions to 26.8 µm at 3MDP, to 
47.9 µm at 5 MDP and 92.8 µm at 7 MDP (Figure 4D).  
 dnaBts cells subjected to a prolonged block in replication were unable to form 
FtsZ rings upon a shift to permissive conditions, consistent with a terminal cell cycle 
arrest. While dnaBts cells downshifted to 30°C at the growth arrest (3 MDP) were able to 
support formation of new FtsZ rings, they were unable to do so if downshifted several 
generations later (Figures 4 and S5). The L/R ratio of dnaBts cells dropped from 28.6 µm 
 to 16 µm in dnaBts cells shifted to 30°C at 3 MDP, but actually increased to 64 µm and 
516 µm, respectively, when mutants were downshifted at 5 or 7 MDP (Figure S5).  
Significantly, we did not observe anucleate cells in populations of dnaBts mutants 
before or after the downshift, suggesting the reduction in FtsZ rings was due to 
disassembly rather than division events. Quantitative immunoblotting indicated that FtsZ 
levels were constant or even slightly elevated in dnaBts cells even after 7 MDP at 45°C 
(Figure 4E). A loss of function mutation in the gene encoding Noc – which has been 
implicated in coordinating chromosome segregation and division by inhibiting division 
over the nucleoid – had no impact on the onset of the growth arrest of the ability of cells 
to recover after the PONR (Data not shown)[12, 13, 29]. 
 
Microarray analysis of FtsZ-depleted cells revealed a Sigma W stress response at 
the PONR  
Microarray analysis comparing gene expression in Pxyl-ftsZ cells prior to and at 
the PONR at 2.6 and 5.2 MDP, respectively, suggests the both the replication arrest and 
entry into the quiescent state are controlled via a post-transcriptional mechanism.  
Comparison of gene expression in FtsZ-depleted cells and mock-depleted cells revealed 
up- or down-regulation of only a small number of genes at the PONR. We did not 
observe induction of genes known to play a role in cell cycle regulation, nor did we see 
induction of the SOS response, which controls the cell cycle arrest associated with DNA 
damage (Figure 5A)[14, 30]. Importantly, we did not observe significant induction of 
stationary-phase specific gene expression, consistent with the PONR being a distinct 
physiological state.  
  We did observe upregulation of the Sigma W regulon, a set of genes involved in 
the response to a variety of cell envelope stresses including antibiotic challenge and 
osmotic shock (Figure 5B, Table S3)[15, 31]. However, genetic analysis indicated this 
regulon makes only a small contribution the physiological response to an extended block 
in division. A loss of function mutation in the gene encoding Sigma W, the transcription 
factor driving expression of this regulon, had only a modest impact on growth and plating 
efficiency of Pxyl-ftsZ cells cultured past the PONR (Figure S6). The plating efficiency of 
Pxyl-ftsZ ΔsigW cells after the PONR (7.8 and 10.4 MDP) was ~10-fold higher than that 
of a congenic Pxyl-ftsZ sigW+ strain, but still ~100-fold less than that of induced controls 
(Figure S6B). Additional upregulated transcripts at 5.2 MDP included the flagellar 
component motA; two genes involved in mannitol phosphorylation, mtlA and mtlD; two 
putative phage genes (ydjG and yqaL) and several putative and hypothetical proteins 
(Table S3). The lack of gene regulation following a division block has also been observed 
in E. coli [32]. 
 
Staphylococcus aureus also exhibits a PONR following a prolonged block in cell 
division 
To determine if the PONR is a broadly applicable phenomenon, we examined S. 
aureus cells treated with an antibiotic that targets cell division. The increase in multidrug 
resistant S. aureus, an important human pathogen, has spurred the development of 
antibiotics, many of which are designed to target the cell division machinery. To inhibit 
division in S. aureus, we used one such antibiotic, PC190723, a derivative of 3-
 methoxybenzamide that enhances the GTPase activity of FtsZ to block FtsZ assembly 
and inhibit division [17, 18, 33-35]. 
Inhibiting division in S. aureus results in a growth profile almost identical to that 
observed in B. subtilis and E. coli  (Figure 1,6; [7]). S. aureus strain Newman cells 
treated with PC190723 continued to increase in mass for several generations (~4 MDP) 
until growth arrested (Figure 6A). As in B. subtilis, the onset of the growth arrest signaled 
entry into an unrecoverable state. The plating efficiency of PC190723 treated S. aureus 
cells dropped ~10,000-fold relative to untreated cells at 7 MDP post treatment (Figure 
6B). Despite the inability to recover, ~65% of treated S. aureus cells exhibited intact 
membranes and remained PI negative following the growth arrest (Figure 6B, S7A). The 
higher number of PI positive S. aureus cells at the PONR, relative to their B. subtilis 
counterparts, is likely a reflection of their coccoid shape and the rapid increase in 
diameter in response to division inhibition. We obtained nearly identical values with an 
ftsZ depletion strain, indicating these results were not an artifact of drug treatment (Figure 
S7).  
Strikingly, inhibition of division in S. aureus also resulted in an arrest in DNA 
replication (Figure 6C). Incorporation of EdU was reduced by 70% within 5 MDP after 
the addition of PC190723 and by ~90% at 7 MDP (Figure 6C). The reduction in DNA 
replication was not simply a consequence of a loss of membrane integrity, as over 50% of 
cells remained PI negative at 7 MDP (Fig 6B). In support of the idea that the arrest in 
DNA replication is a consequence of the block in division, reductions in EdU 
incorporation were uniform across all cells, and not limited to those cells with 
 compromised membranes (Figure 6C). Together, these data show the cell division-
dependent DNA replication block and the PONR are broadly applicable phenomena. 
 
  
 DISCUSSION 
Our findings support a model in which inhibiting cell division for an extended 
period of time (~5 five mass doubling periods in rich medium), triggers entry into a non-
recoverable quiescent state characterized by a terminal cell cycle arrest. Although a link 
between division and DNA replication in bacteria has been proposed before [2, 19], our 
data are the first to demonstrate a direct connection between these two cell cycle 
processes. Importantly, we observed a significant reduction in DNA replication prior to 
the PONR, with a complete arrest occurring several generations after the PONR.   
Why the PONR and the accompanying arrest in DNA replication have not been 
previously reported is unclear. One possibility is that investigators, including ourselves, 
typically examine cell morphology after a relatively short (<4 MDP) block in cell 
division, prior to the onset of the PONR [6, 7, 9, 16, 19]. In addition, most investigators 
(again, including ourselves) study division in nutrient rich medium that supports 
multifork DNA replication. Such cells can have as many as 16 replication forks 
proceeding simultaneously; sufficient genetic material for at least 3 rounds of 
chromosome segregation in the absence of new initiation events and a potential 
explanation for the wild-type nucleoid appearance prior to the PONR. 
 
Cell cycle “control” points coupling division to DNA replication in bacteria 
Based on these data we propose there is a “control point” at which bacterial cells 
become committed to new rounds of DNA replication and division (Figure 7). This 
control point is analogous to the eukaryotic G1 restriction point, which serves as the 
 decision making point before cells commit to initiating a new round of DNA replication 
[5, 36]. (We favor the term “control point” over  “restriction point” or “checkpoint” in the 
absence of data supporting the presence of a signaling pathway that “checks” for 
progression through cytokinesis.) Coupling replication to division ensures that bacterial 
cells initiate only one round of replication per mass doubling period, regardless of 
whether or not they are undergoing multifork replication [20, 37].  
Our finding that an extended block in DNA replication leads to an arrest in new 
rounds of division (Figures 4 and S5), support the presence of a second “control point” 
coupling DNA replication to division. This type of control point would, at least 
superficially, be analogous to the G2 checkpoint in eukaryotes that governs entry into the 
mitotic phase of the cell cycle. (In contrast to eukaryotes, chromosome segregation 
overlaps with chromosome replication in bacteria [1, 20]; in this analogy, the control 
point would only regulate cytokinesis in B. subtilis.) 
The molecular nature of the mechanism(s) responsible for coupling cell division 
and replication in bacteria remains an open question. Microarray analysis failed to reveal 
a transcriptional candidate (Figure 5, Table S3). In mammalian cells, the G1 restriction 
point is triggered post-translationally by turnover of Cyclin D, the accumulation of which 
is required to drive the G1/S transition [36]. A similar post-translational mechanism may 
be responsible for triggering the cell cycle arrest in B. subtilis and S. aureus cells 
subjected to an extended block in division. Notably, although the regulation is similar, the 
proteins responsible for G1 control in yeast and mammals are highly divergent [36]. 
Given the much greater evolutionary distance between bacteria and these eukaryotic 
models, we would be surprised to see even limited conservation of the factors governing 
 entry into the PONR and those controlling the G1/S transition in fungi or animal cells. 
The presence of intact membranes and robust protein synthesis indicate that cells remain 
metabolically active past the PONR, suggesting they have entered a quiescent state 
analogous to a G0 arrest in eukaryotic cells. The high rate of protein synthesis in the 
absence of growth is a somewhat unexpected result. However, quiescent fibroblasts 
exhibit similarly high rates of metabolic activity, apparently to allow for the breakdown 
and resynthesis of proteins and lipids in order to preserve cellular integrity [38]. It seems 
reasonable that bacterial cells would do the same. 
 
An infinite control loop leading to a terminal cell cycle arrest  
We favor the idea that the terminal cell cycle arrest observed in cells subjected to 
an extended block in cell division or DNA replication is a consequence of an infinite loop 
(a “vicious cell cycle”) in which cells that cannot divide cannot initiate DNA replication 
and cells that cannot initiate replication cannot divide (Figure 7). A codependent 
relationship between cell division and replication initiation is supported not only by our 
data suggesting that division is required for ongoing DNA replication initiation and that 
DNA replication is required for robust FtsZ ring formation and division (Figure 2, 5, S6), 
but also by previous studies from the Harry and Wake laboratories linking the initiation 
of DNA replication to establishment of the medial division site and septation in B. 
subtilis [4, 27, 28]. Because cells arrested in DNA replication also exhibit a growth arrest 
(Figure 5A), it is unclear whether the arrest in division or DNA replication is the 
proximal cause of the growth arrest at the PONR, although the earlier onset of the growth 
arrest in the dnaBts cells suggest it may be the latter (Figure 4).   
 The cell division machinery is an ideal target for antibiotic development	  
In addition to providing fundamental and unforeseen insights into our 
understanding of the bacterial cell cycle, our findings validate the bacterial cell division 
machinery as an ideal target for the development of new antibiotics. Not only does 
inhibiting division prevent the production and proliferation of viable daughter cells, the 
concurrent arrest in DNA replication serves as a barrier to the acquisition of antibiotic 
resistant mutations. Most importantly, the terminal cell cycle arrest at the PONR ensures 
that treated cells cannot recover after the drug has been metabolized. 	  
  
 MATERIALS ANS METHODS 
Bacterial strains, media and growth conditions.  All strains and their genotypes are 
listed in Table S1. B. subtilis strains are derivatives of JH642 [39] or PY79 [40]. S. 
aureus strains are derivatives of S. aureus strain Newman [41, 42]. Strain construction as 
described previously [43] using genomic DNA from NIS2020 [22], BNS1762 [20] or 
HB0042 [44]. Unless otherwise noted, B. subtilis strains were grown in Luria Broth (LB). 
PL642 was maintained in chloramphenicol at 5 µg ml-1. S. aureus strains were grown in 
Tryptone Soy Broth (TSB) with 10 µg/ml of erythromycin when needed. To block cell 
division, Pxyl-ftsZ and derivative strains (PL2084, PL3482, PL3457, HA184) were grown 
to mid-exponential phase (OD600 0.2-0.5) with 0.5% xylose, washed twice in LB and 
backdiluted to a calculated OD600 of 0.004. ftsZts (PL642), divICts (PL146), and 
dnaB134ts (PL523) were maintained in LB at 30°C and backdiluted into LB medium at a 
calculated OD600 of 0.0075 (ftsZts and dnaB134ts) and 0.03 (divICts) at 45°C. S. aureus 
Newman was grown to mid-exponential phase in TSB and backdiluted to an OD600 of 
0.01 with 1 mg ml-1 PC190723 or 0.1% DMSO (vehicle). Newman PIPTG-ftsZ (HA46) 
was grown to mid-exponential phase with 0.5 mM IPTG, washed twice in TSB, and 
backdiluted to an OD600 of 0.05 with and without IPTG.  
 
Propidium Iodide Staining. Propidium iodide (PI) was added to cell cultures at a final 
concentration of 100 nM and cells were incubated for 10 minutes at room temperature. 
Cells were spotted on a 1% agarose pad and imaged using a 40X phase objective and 
with a red fluorescent filter to visualize total cells and propidium iodide incorporation, 
respectively. For B. subtilis strains, we calculated the fraction of PI stained cells by 
 dividing PI positive total cell length by the length of all cells visible on the phase image. 
For S. aureus strains, the fraction of PI stained cells was calculated by dividing the 
number of PI stained cells by the total cell count. 
 
EdU staining of newly replicated DNA. EdU staining was performed using the 
Invitrogen Click-iT EdU Alexa fluor 488 imaging kit C10083 [17, 18].  Briefly, cells 
were blocked for division by removing xylose in Pxyl-ftsZ cells or by adding 1 mg ml-1 
PC190723 to S. aureus for the indicated MDP. EdU was added to a final concentration of 
30 µg ml-1 and cells were incubated for 15 minutes at 37°C.  Cells were fixed, washed 
with 1.0 ml PBS, resuspended in 100 µl of 2 mg ml-1 lysozyme in GTE (B. subtilis) or 20 
µg ml-1 lysostaphin (S. aureus) and incubated for 3 minutes at room temperature. Cells 
were then washed with 1.0 ml PBS, the cell pellet was resuspended in 200 µl Click-iT 
reaction cocktail and incubated at room temperature in the dark for 30 minutes. Cells 
were washed 2 times in 1.0 ml PBS, resuspended in 1.0 ml PBS and spotted on 1% 
agarose pads. Cells were imaged with the 100X objective both in bright field and with a 
GFP filter. For the GFP images, exposures were taken for 2.4 seconds for B. subtilis and 
1 second for S. aureus and the images were all adjusted equally using Adobe Photoshop. 
ImageJ analysis was used to quantify the EdU staining by averaging data from ~90 
circles with an area of 52 pixels that were in the DNA-stained regions of the cell and 
subtracting background fluorescence.  
 
Quantitative Immunoblotting. Quantitative immunoblotting was performed as 
previously described in Weart and Levin, 2003 [8], except that cell lysates were prepared 
 with a FastPrep machine for 4 pulses of 20 seconds at 6.0 m/s or by lysing cells with 
lysozyme and detergent. Gel loading was normalized to the sampling OD600 and 
controlled by Ponceau S staining after the transfer. Quantification of FtsZ-bands was 
performed with ImageJ software.  
 
Fluorescence microscopy. Fluorescence microscopy was as previously described [45, 
46]. The length per ring and per nucleoid ratio was calculated by dividing the total cell 
length by the number of FtsZ rings or individual nucleoids, respectively. 
 
35S-methionine protein synthesis assay.  PL2084 cells were grown to midexponential 
phase (OD600 = ~0.200) in a modified S750 G2 media (1X S750 salts, 1X Metals, 1% 
glycerol, 0.1% glutamate, 0.06% -met, -thr Clontech yeast dropout media, 0.04% Trp, 
0.04% Phe, 0.04% Thr). Cells were backdiluted with and without xylose to an OD600 of 
0.01. As a control, 200 µg ml-1 chloramphenicol was added to induced cells 30 minutes 
before labeling. At the indicated mass doubling period (MDP), 200 microcuries of 35S-
methionine was added to 1 ml of culture and cells were grown for 10 additional minutes 
at 37°C. Cells were washed 2 times with PBS, resuspended in 100 µl GTE + 2 mg/ml 
lysozyme and 1 µl AEBSF and incubated at 37°C for 15 minutes and then on ice for 15 
minutes. SDS was added to a final concentration of 2% and the cells were incubated at 
95°C for 5 minutes. Protein was precipitated by adding 25 µl ice-cold TCA and 
incubating 10 minutes at 4°C. The protein was pelleted, washed with ice-cold acetone, 
and dried. Protein was resuspended in 20 µl water and pipetted onto a FilterMat. The 
 dried filters were placed in vials with 3 ml scintillation fluid and 35S-methionine 
incorporation was measured using a scintillation counter. 
 
Marker frequency analysis. DNA proximal to the origin (oriC) or terminus (ter) was 
amplified by qPCR and ori:ter ratios calculated as previously described [5]. Data were 
normalized to induced cells treated with 200 µg ml-1 chloramphenicol for 4 hours (ori:ter 
ratio =1). Because values can vary widely experiment to experiment although the general 
pattern remained the same (values for induced cells ranged from 3-7), the data were 
additionally normalized by setting the ori:ter ratio of induced PL2084 cells to its average 
value of 5. 
 
Transmission electron microscopy.  For ultrastructural analysis, PL2084 cells were 
fixed in 2% paraformaldehyde/2.5% glutaraldehyde in 100 mM phosphate buffer, pH 7.2 
for 1 hr at room temperature.  Samples were washed in phosphate buffer and postfixed in 
1% osmium tetroxide (Polysciences Inc.) for 1 hr.  Samples were rinsed extensively in 
dH20 prior to en bloc staining with 1% aqueous uranyl acetate (Ted Pella Inc., Redding, 
CA) for 1 hr.  Following several rinses in dH20, samples were dehydrated in a graded 
series of ethanol and embedded in Eponate 12 resin (Ted Pella Inc.).  Sections of 95 nm 
were cut with a Leica Ultracut UCT ultramicrotome (Leica Microsystems Inc., 
Bannockburn, IL), stained with uranyl acetate and lead citrate, and viewed on a JEOL 
1200 EX transmission electron microscope (JEOL USA Inc., Peabody, MA) equipped 
with an AMT 8 megapixel digital camera (Advanced Microscopy Techniques, Woburn, 
MA). 
 Plating Efficiency Assays. Plating efficiency assays were performed by growing cells in 
nonpermissive conditions and then plating serial dilutions in permissive conditions. 
CFU/ml of the culture was determined and normalized to an OD600 of 0.5. For each 
strain, relative CFU/ml was calculated by setting the CFU/ml at permissive conditions to 
100%. 
 
Microarray analysis. Gene expression in FtsZ depleted cells was compared with mock-
depleted cells that were grown with xylose. Gene expression was monitored at 2.6 
generations post FtsZ depletion and at 5.2 generations post FtsZ depletion. RNA was 
isolated using a Qiagen RNeasy RNA isolation kit. The procedures for sample collection, 
reverse transcription, labeling, hybridization, and analysis were performed as described 
previously[47]. Microarray data were analyzed using SAM[48]. Genes with significantly 
altered expression levels were identified at a false discovery rate (FDR) of < 5%.  Genes 
were hierarchically clustered using the program Cluster and plotted with TreeView 
software. The entire data set can be found on the GEO website. 
 
Fluctuation test to identify origin of suppressor mutations. To identify if suppressors 
of the FtsZ-depletion strain were present in the starting culture, fluctuation tests were 
performed [49]. Briefly, PL2084 cells were grown with inducer to mid-exponential phase, 
the inducer was washed out, and cells were plated on media without inducer. CFU/ml of 
8 independent cultures was determined and normalized to the OD600 at the time of 
sampling.  
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Figure 1: An extended block in cell division leads to a growth arrest and entry into a 
permanent, quiescent state at the Point of No Return (PONR). (A-C) Cell growth as 
measured by OD600 of Pxyl-ftsZ (A), ftsZts (B), and divICts (C). Dashed (Pxyl-ftsZ, ftsZts) 
and dotted (divICts) lines delineate the PONR boundary, at the growth arrest. Growth 
under permissive conditions (black squares), nonpermissive conditions (open circles), 
shifted to permissive conditions ~ 1-2 Mass Doubling Periods (MDP) before the PONR 
(3.9 MDP – Pxyl-ftsZ, 4.4 MDP – ftsZts, 3 MDP – divICts) (open diamonds), shifted to 
permissive conditions approximately at the PONR (5.2 MDP – Pxyl-ftsZ, 4 MDP – 
divICts) (x’s), or shifted to permissive conditions ~1 generation after the PONR (6.5 
MDP – Pxyl-ftsZ, 7 MDP – ftsZts, 5 MDP – divICts) (open triangles). (D-E) Cells are 
metabolically active but unrecoverable following the PONR. Pxyl-ftsZ (black bars), ftsZts 
(gray bars), and divICts (white bars). (D) Colony forming ability (plating efficiency) was 
determined after culturing cells under nonpermissive conditions for indicated MDP prior 
to plating cells under permissive conditions. (E) Propidium iodide (PI) is a marker for 
loss of membrane integrity. PI negative (live) cells were quantified after cells were 
cultured for the indicated number of generations under nonpermissive conditions. (F) 
Protein synthesis as measured by incorporation of 35S-methionine. (A-F) Error bars = SD, 
n=3-5. See also Figure S1, S2 and S3.  	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Figure 2: Inhibiting cell division triggers an arrest in DNA replication.  
(A) Cell wall labeled with WGA and dapi-labeled DNA in wild type and Pxyl-ftsZ cells. 
Values shown are the average length per nucleoid ratio and SD in µm. n=3, ~200 wild-
type cells were scored per replicate. (B) Newly replicated DNA labeled with EdU. 
Fluorescence quantified as described in the Materials and Methods. Values shown are the 
averages and SD when the fluorescence of induced Pxyl-ftsZ cells was set to 100%. n=3, 
~100 cells were scored per replicate. (C) Marker frequency analysis of the origin to 
terminus (ori:ter) ratios of Pxyl-ftsZ after depleting FtsZ. Error bars = SD, n=3. (D) 
Quantitative immunoblots of DnaA in Pxyl-ftsZ and Pxyl-ftsZ, PIPTG-dnaA cells depleted 
for FtsZ. The average and SD of DnaA levels is shown below a representative blot. 
Induced Pxyl-ftsZ (+xyl) was set to 100%, n=3. (E) Images of cells where replication is 
blocked and origins are labeled with Spo0J-CFP. The average length per Spo0J-CFP 
focus and SD is indicated below the images along with a cartoon illustrating 
representative Spo0J-cfp staining. n = 3, ~200 wild-type cells were scored per replicate. 
(A-B, E) Bars = 5 µm. 	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Figure 3: Cells are refractile to FtsZ assembly after the PONR. ftsZts cells were 
cultured under nonpermissive conditions for 1, 3, 5 and 7 MDP prior to a shift to 
permissive conditions for an additional MDP. Length-per-ring ratios were calculated by 
dividing total cell length by the number of FtsZ rings. n=3-4. ~200 wild-type cell lengths 
were scored for each experimental replicate. The average is shown with the SD in 
parentheses. Arrowheads indicate FtsZ rings. Bar = 5 µm. See also Figure S4. 	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Figure 4: An extended block in DNA replication initiation results in a terminal cell 
cycle arrest  
(A) Cell growth of dnaB134ts as measured by OD600 under permissive conditions (black 
squares), nonpermissive conditions (open circles), shifted to permissive conditions at 
1MDP (open diamonds), shifted to permissive conditions approximately at 3 MDP (x’s), 
or shifted to permissive conditions at 5 MDP (open triangles). (B) Colony forming ability 
(plating efficiency) was determined after culturing cells under nonpermissive conditions 
for the indicated MDPs and prior to plating cells at permissive conditions. (C) PI negative 
(live) cells were quantified after cells were cultured for the indicated MDP at 
nonpermissive conditions. (A-C) Error bars = SD, n=3. (D) Cells were cultured under 
nonpermissive conditions for 1, 3, 5 and 7 MDP. Length-per-ring ratios were calculated 
by dividing total cell length by the number of FtsZ rings. n=3, SD in parentheses. Bar = 5 
µm. (E) FtsZ levels following a shift to nonpermissive conditions for the indicated MDP 
were measured using quantitative immunoblotting. 0 MDP was set to 100%. The average 
and SD are below the blot. See also Figure S5. 	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Figure 5: Cells exhibit only limited changes in global transcriptional regulation at 
the PONR.  
(A) The majority of the genes in the SOS response – which is activated upon DNA 
damage – are not induced significantly or reproducibly before or at the PONR. (B) A heat 
map of the Sigma W regulon shows the majority of genes in this regulon are induced at 
the PONR, 5.2 MDP post FtsZ depletion. (A-B) Transcript levels for 3 replicates are 
represented as the fold change for FtsZ depleted cells as compared to FtsZ+ cells before 
the PONR at 2.6 MDP and at the PONR at 5.2 MDP. Transcript levels are indicated by 
color such that high levels are yellow and low levels are blue. See also Figure S6. 	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Figure 6: The human pathogen S. aureus passes a PONR following treatment with 
the FtsZ inhibitor PC190723 (A) Growth as measured by OD600. Cells were cultured 
with 0.1% DMSO (vehicle) (black squares) or 1µg/ml PC190723 (open circles). The 
dashed line refers to the PONR. (B) ~50% of PC190723 treated S. aureus Newman cells 
sampled after the PONR (dashed line) are alive but cannot form colonies when plated 
without the drug. Black bars indicate the fraction of PI negative (live) cells following 
treatment with PC190723. White bars indicate plating efficiency following treatment 
with PC190723 for the indicated MDP and plating in the absence of drug. Results are 
plotted on a semilog scale. (A-B) Error bars = SD, n = 3. (C) EdU labeling to measure 
replicating DNA following PC190723 treatment. Newly replicated DNA was labeled 
with EdU. Fluorescence was quantified as described in the Materials and Methods. The 
average and SD when untreated cells are set to 100% is shown on the images. n=3, ~100 
cells were scored per replicate. Bar = 5 µm. See also Figure S7. 	  
0.01
0.1
1
10
0 5 10 15
Ab
s.
 (O
D 6
00
)
MDP post PC190723 addition
0.001%
0.01%
0.1%
1%
10%
100%
0 3 5 7
PI
 n
eg
at
iv
e 
ce
lls
 █
Re
la
tiv
e 
CF
U/
m
l █
MDP post PC190723 addition
A B
MDP post PC190723 addition
Untreated 3 5 7
no EdU
(neg. control)
C
100%
±0%
89%
±4%
30%
±1%
11%
±6%
0%
±0%
Figure 6
 Figure 7: The bacterial cell cycle during steady-state growth in nutrient rich 
conditions. DNA replication (blue) and growth (beige) are ongoing and the division ring 
is present for ~ the second half of each cell cycle. A division-dependent control point 
ensures that one DNA replication initiation occurs per each division. Failure to divide 
leads to a block in replication initiation followed by entry into a terminal cell cycle arrest 
at the PONR, equivalent to a eukaryotic G0 state. A second initiation-dependent control 
point ensures that cells that have not initiated DNA replication do not assemble division 
rings. The dashed arrows indicate our hypotheses of where these control points might 
occur in the cell cycle but the exact location and mechanisms by which they act are 
unknown. 	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Figure S1: FtsZ localization in cells blocked for division. Images of ftsZts(A) or 
divICts(B) cells blocked for division for 0 (permissive), 1, 3, 5, and 7 MDP and Pxyl-
ftsZ(C) cells depleted for xylose (-FtsZ) 2.6, 5.2, 3.9, and 7.8  MDP. (A-C) Length-per-
ring and nucleoid ratios were calculated by dividing total cell length by the number of 
FtsZ rings and nucleoids, respectively. Average ratios and SD are shown, n=3-4. ~200 
wild-type cell lengths were measured per replicate. [No rings* and **] indicates 
experiments in which at least one replicate contained no observable FtsZ rings so an 
average could not be calculated. When the total length and total rings from the 3 
replicates were compiled, [**] indicates a composite length-per-ring ratio of 183 and [*] 
indicates a composite length-per-ring ratio greater than 1500 µm. Length per nucleoid 
ratios were omitted with divICts and Pxyl-ftsZ as lysozyme treatment to prepare cells for 
immunofluorescence alters the DNA staining. Arrowheads indicate FtsZ rings. Bar = 5 
µm. (D) Quantitative immunoblots show FtsZ levels in ftsZts, divICts, and Pxyl-ftsZ cells 
blocked for division for the indicated MDP. Intensity of the FtsZ bands was quantified 
with ImageJ and FtsZ levels at 0 MDP (permissive conditions) were set to 100%. 
Averages and SD are shown below each blot, n=3. 	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Figure S2: Suppressors take over cultures of ~30 MDP post FtsZ depletion. (A) Pxyl-ftsZ 
cells were grown with xylose (with FtsZ) (black squares) or without xylose (depleted of 
FtsZ) (open circles) and growth was monitored by OD600. Error bars = SD, n=3. (B) 
Suppressors restore FtsZ levels. Pxyl-ftsZ cells were grown with and without xylose. 8 
suppressors of Pxyl-ftsZ that can grow without xylose were grown to midexponential 
phase and cell lysates were subjected to immunoblotting. These suppressors were present 
in the original inoculum and did not arise following the division block (See Table S2).  	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Figure S3: Cell membranes are irregular after the PONR. (A) FM4-64 staining of live 
Pxyl-ftsZ cells visualized after blocking division. The brackets and arrows indicate areas 
of cell membrane irregularities. Bar = 5 µm. (B) Transmission electron micrographs of 
Pxyl-ftsZ blocked for division. Arrows point to membrane irregularities. Bar = 2 µm. (C) 
Electron micrographs of cell cross sections following FtsZ depletion. Bar = 100 nm. 	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Figure S4: Cells are refractile to FtsZ assembly after the PONR. (A) ftsZts cells were 
cultured under nonpermissive conditions for 5 and 7 MDP prior to a shift to permissive 
conditions for an additional 2 or 3 MDP. (B) divICts cells were cultured under 
nonpermissive conditions for 1, 3, 5 and 7 MDP prior to a shift to permissive conditions 
for an additional MDP. (C) Pxyl-ftsZ cells were cultured without xylose (-FtsZ) for 1.3, 
2.5, 3.9, 5.2, and 6.5 MDP prior to adding back xylose for 1.3 or 2.6 MDP. (A-C) 
Length-per-ring ratios were calculated by dividing total cell length by the number of FtsZ 
rings. Average ratios and SD are shown. (A-B) n=3. (C) n=1-3; (A-C) ~100 wild-type 
cell lengths measured per replicate. Arrowheads indicate FtsZ rings. Bar = 5 µm. [No 
rings* and **] refer to experiments in which no rings were observed in at least one 
experimental replicate so an average could not be calculated. When the total length and 
rings from the 3 replicates were compiled, the length per ring ratio was greater than 900 
µm, except for the [No rings**] when the compiled length per ring was 200 µm. (D) 
Quantitative immunoblot of FtsZ in cells grown with xylose (+FtsZ inducer), without 
xylose (-FtsZ inducer) and with inducer added back at 3.9, 5.2, and 6.5 MDP. Cells were 
sampled at 5.2 MDP (with and without inducer) or at 1.3 and 2.6 MDP after 
reintroducing inducer. FtsZ levels were quantified with ImageJ. The average and SD are 
shown below the blot. FtsZ levels in the induced strain were set to 100%. n=3. 	  
44%
±19%
32%
±19%
70%
±6%
66%
±18%
86%
±15%
74%
±26%
3%
±2%
100%
±0%
9.1
7.8
7.8
6.5
6.5
5.2
5.2
5.2
Added at
6.5 M
DP
Added at
5.2 M
DP
Added at
3.9 M
DP
-
+
FtsZ
M
DP when 
sam
pled:
Inducer:
6.5
1.3
2.6
1.3
2.6
1.3
2.6
1.3
2.6
1.3
2.6
5.2 3.9
2.6
1.3
no rings* 
no rings** 
Cell W
all
FtsZ
DNA
M
DP
+FtsZ
M
DP
-FtsZ
Length per 
ring (μm
):
M
DP 
45°C1357
(±0.45)
(±16)
no rings*
no rings*
Cell W
all
FtsZ
DNA
45° 5 MDP45° 7 MDP
30°
2 M
DP
30°
3 M
DP
30°
2 M
DP
30°
3 M
DP
84.22
(±17.48)
57.25
(±0.21)
No rings*
No rings*
1773
Length per 
ring (μm
):
M
erge
FtsZ&DNA
M
erge
FtsZ&DNA
M
DP 
30°C1111
Cell W
all
FtsZ
DNA
Length per 
ring (μm
):
M
erge
FtsZ&DNA
B A
CD
Pxyl-ftsZ
ftsZts
divICts
Figure S4, Related to Figure 3
(±3.5)
9.8
(±5.9)
10.1
(±11)
33.7
33.2**
(±82)
110
(±3.5)
20
(±18)
91
(±7.4)
38
Figure S5: Cells are refractile to FtsZ assembly after the PONR during a block in DNA 
replication initiation. dnaBts cells were cultured for 1, 3, 5, and 7 MDP at nonpermissive 
conditions before being shifted to permissive conditions for an additional MDP. Length-
per-ring ratios were calculated by dividing total cell length by the number of FtsZ rings. 
The average and standard deviation of 3 replicates is shown. 	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Figure S6: sigW deletion in Pxyl-ftsZ cells does not alter the timing of the PONR, but 
increases cell lysis and moderately increases plating efficiency after the PONR. (A) Pxyl-
ftsZ (squares) and Pxyl-ftsZ, ΔsigW (triangles) were grown with and without xylose 
(closed and open symbols, respectively) and growth was monitored by OD600. n=3. Error 
bars represent standard deviation. [*] indicates a statistically significant change between 
the Pxyl-ftsZ and Pxyl-ftsZ, ΔsigW strains grown in the absence of xylose (open symbols)  
as indicated by a Student’s t-test, P=0.03. (B) Pxyl-ftsZ (black bars) and Pxyl-ftsZ, ΔsigW 
(white bars) were grown without xylose (-FtsZ) for the indicated MDPs and then plated 
in the presence of xylose (permissive conditions). CFU/ml is normalized to an OD600 of 
0.5. n=3. Error bars represent standard deviation.  	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*
Figure S7: S. aureus also passes through a PONR following treatment with an FtsZ 
inhibitory antibiotic or when depleting FtsZ.  
(A-C) PC190723 treated S. aureus. (A) Cells increase in size after PC190723 treatment, 
reaching a 10X wild-type volume at the PONR. Cells were stained with the cell wall stain 
WGA and dead cells were labeled with propidium iodide. (B) FtsZ immunolabelling of 
cells treated with PC190723. Arrows indicate FtsZ rings. (C) FM4-64 membrane staining 
following a division block. (D-F) S. aureus strain Newman PIPTG-ftsZ (D) Cell growth as 
measured by OD600. Growth under permissive conditions (black squares), 
nonpermissive conditions (open circles), shifted to permissive conditions at 1 Mass 
Doubling Period (MDP) (open diamonds), shifted to permissive conditions at 
approximately at 2 MDP (x’s), or shifted to permissive conditions at 3 MDP (open 
triangles). (E) Cells are alive but lose the ability to divide after the PONR. (Black bars) 
represent the fraction of propidium iodide (PI) negative (live) cells following FtsZ 
depletion and (white bars) represent plating efficiency in relative CFU/ml following FtsZ 
depletion when cells were grown without inducer for the indicated MDPs and plated with 
inducer. (D, E) Error bars = SD, n = 3. (F) FM4-64 membrane staining following removal 
of IPTG. (A-C, D) Bar = 5 µm 	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Table S1: Strains used in this paper 
Strain Genotype 
Mass Doubling Period 
(MDP) (min) 
Ref. 
30°C 
LB  
37°C 
LB  
45°C 
LB  
S750G2 
mod. 
media 
37°C 
JH642 Background 
JH642 
(PL522)   23   (39) 
PL2084 
thrC::Pxyl-ftsZ MLS, ftsZ::spc, 
xylA::tet  23  37 (8) 
PL642 ftsZ::ftsZ-gfp cm 34  17  (9) 
PL3482 
purA::PrpmH-lacO-dnaA-lacI-cat, 
thrC::Pxyl-ftsZ MLS, ftsZ::spc, 
xylA::tet   23   
This 
work 
PL3457 
pelB::Psoj-cfp(d)-spo0J(parS*)(cat), 
thrC::Pxyl-ftsZ MLS, ftsZ::spc, 
xylA::tet  21   
This 
work 
HA184 
sigW::kan, thrC::Pxyl-ftsZ MLS,  
ftsZ::spc, xylA::tet  23   
This 
work 
PL523 dnaB134ts zhb::83::Tn917 39.4  23  (24) 
PY79 Background 
PL146 divIC::pPL27 spc 46  25  (10) 
S. aureus Newman Background 
PL3056 
(Newman)   36   (41) 
PL3068 
(SEJ2) spa::erm  36   (42) 
HA46 ftsZ::Pspac-ftsZ-erm  60   
This 
work 
B. subtilis and S. aureus strains used in strain construction 
PL3466 
(NIS2020) purA::PrpmH-lacO-dnaA-lacI-cat (22) 
PL3440 
(BNS1762) pelB::Psoj-cfp(d)-spo0J(parS*)-cat (20) 
PL3211 
(HB0042) sigW::kan (44) 
PL3037 
(RNpFtsZ-1) RN4220, ftsZ::Pspac-FtsZ-erm (46) 
 
Table S2: Fluctuation Test of Pxyl-ftsZ 
Pxyl-ftsZ 
culture 
CFU/ml plated w/o 
inducer 
1 93 
2 178 
3 504 
4 81 
5 189 
6 137 
7 94 
8 34 
Table S2 – Fluctuation test reveals that Pxyl-ftsZ suppressor mutants are spontaneous 
mutants that are present in the original culture. 8 independent cultures of Pxyl-ftsZ 
(PL2084) were grown in the presence of the inducer, washed and plated in the absence of 
inducer. Suppressor colonies that grew without inducer were counted and normalized to 
OD600 of culture when sampled.   
 
Table S3 - Genes upregulated 2-fold at the PONR (5.2 MDP) 
SigW regulon members upregulated more than 2-fold 
at 5.2 MDP post FtsZ depletion 
Other genes (non SigW regulon) upregulated more than 
2-fold at 5.2 MDP post FtsZ depletion 
 5.2 MDP 2^x Gene function (from Bsubcyc)  
5.2 MDP 
2^x Gene function (from Bsubcyc) 
fosB  2.100 metallothiol transferase bioK 1.296 lysine-8-amino-7-oxononanoate aminotransferase 
rsiW  1.297 anti-sigma(W) factor floT 1.605 putative flotillin-like protein 
sigW  1.746 RNA polymerase, σW manR 1.207 transcriptional antiterminator 
spo0M  1.840 sporulation-control gene motA 1.167 motility protein A; MotA component of the stator flagellum complex 
xpaC 1.653 putative phosphatase mtlA 2.001 phosphotransferase system (PTS) mannitol-specific 
yaaN  1.334 conserved hypothetical protein mtlD 3.063 mannitol-1-phosphate dehydrogenase 
yceC  1.439 putative stress adaptation protein vmlR 1.197 ATP-binding cassette efflux transporter 
yceD  1.212 putative stress adaptation protein yczI 1.094 hypothetical protein 
yceE 1.352 putative stress adaptation protein ydcC 1.921 putative lipoprotein 
yceF  1.322 putative stress adaptation transporter ydjG 2.310 putative phage replication protein 
ydbS  1.761 conserved hypothetical protein ydjH 2.209 conserved hypothetical protein 
ydbT  1.834 conserved hypothetical protein yjdH 1.483 hypothetical protein 
ydjP  2.903 putative peroxydase yocL 1.318 hypothetical protein 
yeaA  3.078 conserved hypothetical protein yozL 1.425 conserved hypothetical protein 
yfhL  1.539 SdpC immunity factor yqaL 1.072 putative DNA-binding protein; skin element 
yfhM  1.965 putative hydrolase yqeZ 1.832 putative membrane bound hydrolase 
yjbC 1.071 putative thiol oxidation management factor; putative acetyltransferase yqfA 2.296 conserved hypothetical protein 
yjoB  1.986 ATPase possibly involved in protein degradation yqfB 2.297 conserved hypothetical protein 
yknW 2.040 putative permease yqfC 1.409 conserved hypothetical protein 
yknX  1.269 putative efflux permease yqfD 1.535 stage IV sporulation protein 
yknY 1.881 putative ABC transporter (ATP-binding protein) yqfQ 1.056 conserved hypothetical protein 
yknZ  1.975 putative permease yrzI 1.739 conserved hypothetical protein 
yoaF  1.963 hypothetical protein ytfJ 1.084 conserved hypothetical protein 
yoaG  1.490 putative permease yuaF 1.421 putative membreane integrity integral inner membrane protein 
yobJ  1.686 hypothetical protein yvdS 1.015 putative membrane protein 
ysdB 1.209 conserved hypothetical protein yvkC 1.351 putative phosphotransferase 
yteJ  1.633 putative integral inner membrane protein yvlA 2.053 conserved hypothetical protein 
ythP  2.497 putative ABC transporter (ATP-binding protein) yvlC 1.275 putative regulator (stress mediated) 
ythQ  1.708 putative ABC transporter (permease) yvlD 1.052 putative integral inner membrane protein 
ywrE  2.773 conserved hypothetical protein yxjH 1.289 putative methyl-tetrahydrofolate methyltransferase 
yxjI  1.855 conserved hypothetical protein       
yxzE  1.459 putative bacteriocin Genes in SigW regulon not upregulated more than 2-fold: 
      sppA, yceH, pspA, yqeZ-floA-yqfB, bcrC, ywbN, ywaC, yceG, 
spx, fabF, divIC, fatR, ybfO, racX, yvlA-yvlB-yvlC-yvlD, ybfP, 
ydjO, yrhJ, ywnJ, ybfQ, pbpE, yqjL, ywbO, yrhH, yuaF-floT-
yuaI, yozO 
    	  
CHAPTER	  3:	  
	  
Identification	  of	  residues	  important	  for	  GTP	  binding,	  hydrolysis	  and	  in	  
vivo	  assembly	  of	  FtsZ	  in	  Escherichia	  coli	  	  
Heidi	  A.	  Arjes,	  Bradley	  Lai,	  E.	  Rosemary	  Emelue,	  and	  Petra	  A.	  Levin	  	  	  FtsZ84	  spontaneous	  and	  EMS	  suppressor	  screens	  and	  light	  scattering	  assays	  (Figure	  7A-­‐C)	  were	  carried	  out	  by	  Rosemary	  Emelue	  and	  Bradley	  Lai.	  Bradley	  Lai	  cloned	  the	  intragenic	  suppressors	  and	  carried	  out	  GTPase	  activity	  assays	  (Table	  2).	  All	  other	  experiments	  were	  done	  by	  Heidi	  A.	  Arjes.	  	   	  
Abstract	  	   FtsZ	  assembles	  at	  midcell	  into	  a	  ring	  that	  serves	  as	  a	  platform	  for	  assembly	  of	  the	  division	  machinery	  and	  constricts	  at	  the	  leading	  edge	  of	  the	  invaginating	  septum	  during	  cytokinesis.	  This	  assembly	  relies	  on	  GTP	  hydrolysis	  rate,	  as	  FtsZ-­‐GTP	  is	  more	  likely	  to	  exist	  in	  a	  stable	  protofilament	  while	  FtsZ-­‐GDP	  can	  exist	  in	  curved	  filaments	  and	  monomers.	  FtsZ84	  is	  a	  temperature	  sensitive	  mutant	  of	  FtsZ	  that	  is	  defective	  for	  GTP	  hydrolysis	  in	  
vitro	  but	  can	  assemble	  and	  support	  division	  under	  the	  permissive	  conditions	  of	  30°C	  in	  LB.	  However,	  FtsZ84	  cannot	  form	  FtsZ	  rings	  or	  support	  division	  under	  nonpermissive	  conditions	  of	  42°C	  in	  no	  salt	  media.	  To	  explore	  the	  relationship	  between	  GTP	  hydrolysis	  and	  FtsZ	  function,	  we	  identified	  3	  intragenic	  mutations	  that	  restore	  cell	  division	  at	  nonpermissive	  conditions.	  These	  three	  mutations	  restored	  the	  GTPase	  activity	  of	  FtsZ84	  to	  about	  half	  of	  wild-­‐type	  FtsZ	  hydrolysis	  rates.	  These	  mutants	  exhibited	  similar	  GTPase	  activity	  rates	  and	  rescued	  FtsZ-­‐ring	  forming	  ability	  under	  nonpermissive	  conditions	  to	  varying	  extents.	  Despite	  the	  ability	  to	  assemble	  in	  vivo,	  these	  proteins	  remained	  defective	  for	  in	  vitro	  assembly	  in	  light	  scattering	  assays	  and	  electron	  microscopy.	  These	  results	  indicate	  that	  in	  vitro	  assembly	  potential,	  as	  measured	  by	  commonly	  used	  assays	  in	  the	  field,	  does	  not	  accurately	  approximate	  in	  vivo	  assembly	  and	  also	  that	  cellular	  factors	  such	  as	  FtsZ-­‐ring	  stabilizing	  proteins	  may	  help	  the	  intragenic	  mutants	  of	  FtsZ84	  assemble	  under	  nonpermissive	  conditions	  in	  vivo.	  	  
	   	  
Introduction	  A	  key	  step	  in	  bacterial	  cytokinesis	  is	  assembly	  of	  the	  tubulin-­‐like	  protein	  FtsZ	  at	  the	  future	  division	  site	  (1,	  2).	  	  FtsZ	  normally	  exists	  as	  a	  monomer	  or	  short	  polymers	  in	  the	  cytoplasm	  and	  assembles	  into	  the	  FtsZ	  ring,	  which	  serves	  as	  a	  platform	  for	  assembly	  of	  other	  members	  of	  the	  divisome	  and	  is	  critical	  for	  cell	  division	  (2).	  	  FtsZ	  is	  a	  GTPase	  that,	  when	  bound	  to	  GTP,	  assembles	  in	  vitro	  into	  single	  stranded	  polymers	  and	  polymer	  bundles	  (3-­‐5).	  When	  FtsZ	  monomers	  (subunits)	  polymerize,	  the	  active	  site	  for	  GTP	  hydrolysis	  is	  formed	  as	  the	  GTP-­‐binding	  pocket	  of	  one	  monomer	  contacts	  the	  T7	  synergy	  loop	  of	  the	  adjacent	  monomer	  (Figure	  1A)	  (2,	  5).	  The	  T7	  synergy	  loop	  activates	  hydrolysis	  of	  the	  GTP	  in	  the	  subunit	  below	  (2).	  The	  specific	  role	  of	  GTP	  hydrolysis	  in	  FtsZ	  ring	  assembly	  and	  constriction	  in	  vivo	  is	  a	  matter	  of	  some	  debate.	  The	  FtsZ	  ring	  is	  dynamic	  and	  is	  constantly	  exchanging	  subunits	  between	  the	  ring	  and	  the	  cytoplasmic	  pool	  with	  a	  subunit	  turnover	  rate	  of	  ~10	  seconds	  (2).	  Based	  on	  in	  vitro	  data	  indicating	  that	  GTP	  hydrolysis	  results	  in	  a	  transition	  from	  straight	  to	  curved	  FtsZ	  protofilaments,	  Harold	  Erickson	  has	  proposed	  that	  that	  GTP	  hydrolysis	  in	  vivo	  leads	  to	  “bent”	  protofilaments	  that	  generate	  the	  force	  needed	  for	  constriction	  (2).	  This	  model	  is	  consistent	  with	  data	  indicating	  that	  FtsZ	  tethered	  to	  a	  membrane	  in	  tubular	  liposomes	  has	  been	  shown	  to	  assemble	  into	  rings	  and	  create	  a	  constrictive	  force	  (6,	  7).	  While	  appealing,	  this	  “Z-­‐centric”	  force-­‐generating	  model	  ignores	  any	  impacts	  of	  FtsZ	  modulatory	  proteins	  and	  downstream	  divisome	  proteins	  that	  might	  play	  a	  role	  in	  FtsZ-­‐ring	  stabilization,	  constriction	  and/or	  septum	  formation.	  	  How	  FtsZ	  behavior	  in	  in	  vitro,	  particularly	  its	  protofilament	  assembly	  and	  GTPase	  activity,	  translates	  to	  its	  in	  vivo	  behavior	  is	  not	  completely	  understood.	  This	  lack	  of	  
coherence	  between	  in	  vitro	  and	  in	  vivo	  data	  is	  nicely	  illustrated	  by	  fts84,	  a	  heat	  sensitive	  allele	  of	  ftsZ,	  which	  encodes	  a	  point	  mutation	  in	  the	  GTP	  binding	  pocket	  (G105S)	  (8).	  While	  
ftsZ84	  cells	  exhibit	  more	  or	  less	  normal	  FtsZ	  ring	  formation	  and	  division	  under	  permissive	  conditions	  (30°C	  in	  LB	  with	  1%	  NaCl),	  under	  nonpermissive	  conditions	  (42°C	  in	  LB	  with	  no	  salt)	  ftsZ84	  cells	  are	  defective	  for	  FtsZ	  ring	  formation	  and	  division	  (9,	  10).	  FtsZ84	  protein	  is	  severely	  defective	  in	  GTP	  binding	  and	  exhibits	  only	  10%	  of	  wild	  type	  GTPase	  activity.	  Most	  strikingly,	  FtsZ84	  is	  unable	  to	  assemble	  into	  protofilaments	  in	  vitro,	  regardless	  of	  ambient	  temperature	  (3,	  11,	  12).	  The	  inability	  of	  FtsZ84	  to	  assemble	  in	  vitro	  but	  support	  division	  in	  
vivo	  under	  permissive	  conditions	  suggests	  a	  possible	  disconnect	  in	  the	  relationship	  between	  in	  vitro	  FtsZ	  assembly	  data	  and	  in	  vivo	  function.	  To	  clarify	  the	  role	  of	  FtsZ’s	  GTPase	  activity	  in	  assembly	  in	  vitro	  and	  ring	  formation	  in	  
vivo	  we	  sought	  to	  identify	  intragenic	  suppressors	  of	  ftsZ84	  that	  restored	  growth	  and	  division	  under	  non-­‐permissive	  conditions.	  Saturation	  mutagenesis	  identified	  3	  intragenic	  suppressors	  of	  ftsZ84	  heat	  sensitivity,	  which	  localized	  to	  either	  the	  interface	  between	  subunits	  or	  the	  internal	  core	  of	  FtsZ.	  All	  three	  suppressors	  increased	  FtsZ84	  GTPase	  activity	  up	  to	  ~50%	  of	  wild	  type	  levels	  in	  vitro.	  At	  the	  same	  time,	  despite	  restoring	  FtsZ	  ring	  formation	  to	  a	  greater	  or	  lesser	  degree	  in	  vivo,	  none	  of	  the	  intragenic	  suppressors	  restored	  FtsZ84	  assembly	  in	  vitro.	  This	  dichotomy	  raises	  questions	  about	  the	  relationship	  between	  FtsZ	  assembly	  in	  vitro	  and	  ring	  formation	  in	  vivo	  and	  suggests	  that	  intracellular	  modulator	  proteins	  may	  play	  an	  even	  greater	  role	  in	  FtsZ	  ring	  formation	  and	  constriction	  than	  commonly	  thought.
Results	  
Identifying	  intragenic	  and	  extragenic	  suppressors	  of	  ftsZ84	  To	  identify	  spontaneous	  suppressor	  mutations	  that	  restore	  the	  ability	  of	  the	  ftsZ84	  strain	  to	  grow	  under	  nonpermissive	  conditions,	  we	  grew	  the	  strain	  to	  mid-­‐log	  under	  permissive	  conditions	  (30°C,	  LB	  1%	  NaCl),	  washed	  the	  cells	  in	  no	  salt	  media	  and	  plated	  the	  cells	  under	  nonpermissive	  conditions	  (42°C,	  LB-­‐no	  salt)	  overnight.	  As	  ftsZ84	  cells	  are	  reduced	  more	  than	  105	  fold	  for	  colony	  formation	  under	  restrictive	  conditions,	  any	  colonies	  that	  arose	  were	  likely	  to	  be	  the	  result	  of	  spontaneous	  suppressor	  mutations.	  Suppressors	  arose	  with	  a	  frequency	  of	  1.5*10-­‐5	  consistent	  with	  the	  majority	  representing	  loss	  of	  function	  mutations	  in	  average	  size	  genes.	  To	  enhance	  our	  chances	  of	  identifying	  intragenic	  suppressors	  we	  conducted	  a	  second	  screen	  using	  ethyl	  methanesulfonate	  (EMS)	  mutagenesis.	  EMS	  alkylates	  guanine	  and	  commonly	  causes	  thymine	  to	  pair	  with	  the	  alkylated	  guanine	  residues	  causing	  G:C	  to	  A:T	  point	  mutations.	  To	  identify	  those	  suppressor	  mutations	  that	  were	  tightly	  linked	  to	  the	  ftsZ84	  mutation	  and	  thus	  likely	  to	  represent	  intragenic	  mutations,	  we	  employed	  P1	  phage	  transduction	  (methods).	  Briefly,	  we	  transduced	  genomic	  DNA	  from	  the	  suppressors	  into	  wild-­‐type	  E.	  coli	  and	  selected	  for	  tetracycline	  resistance	  (the	  ftsZ84	  mutation	  is	  55%	  linked	  to	  a	  tetracycline	  resistant	  (TetR)	  Tn10	  insertion	  in	  the	  leuD	  gene	  via	  P1	  phage	  transduction).	  We	  analyzed	  the	  resulting	  colonies	  to	  see	  if	  they	  were	  temperature	  sensitive	  (denoting	  the	  suppressor	  mutation	  was	  not	  linked	  to	  ftsZ84)	  or	  temperature	  resistant	  (denoting	  the	  suppressor	  mutation	  was	  linked	  to	  ftsZ84).	  7	  of	  96	  spontaneous	  suppressors	  were	  linked	  to	  ftsZ	  while	  14	  of	  18	  EMS	  generated	  suppressors	  were	  linked.	  Sequencing	  revealed	  that	  all	  linked	  mutations	  were	  secondary	  
mutations	  within	  the	  ftsZ84	  coding	  sequence.	  The	  remainder	  of	  mutations	  did	  not	  cotransduce	  with	  ftsZ84	  suggesting	  they	  are	  located	  in	  other	  chromosomal	  regions	  distal	  to	  
ftsZ	  and	  the	  tetR	  marker.	  	  Sequencing	  the	  linked	  suppressor	  mutations	  revealed	  three	  independent	  mutations	  within	  the	  ftsZ	  open	  reading	  frame:	  a	  T	  to	  C	  transition	  at	  base	  pair	  115	  that	  changes	  a	  phenylalanine	  to	  a	  leucine	  (F39L),	  a	  G	  to	  A	  transition	  at	  base	  pair	  618	  that	  changes	  a	  methionine	  to	  an	  isoleucine	  (M206I)	  and	  a	  G	  to	  A	  transition	  at	  base	  pair	  877	  that	  changes	  a	  valine	  to	  an	  isoleucine	  (V293I)	  (Figure	  1).	  These	  suppressors	  are	  located	  near	  the	  GTP	  binding	  pocket	  (F39L),	  in	  the	  T7-­‐synergy	  loop	  (M206I)	  and	  along	  the	  subunit	  interface	  of	  FtsZ	  filaments	  (V293I)	  respectively	  (Figure	  1).	  For	  simplicity,	  all	  intragenic	  suppressors	  are	  designated	  ftsZ84*	  to	  indicate	  the	  presence	  of	  the	  original	  G105S	  mutation	  and	  a	  second	  intragenic	  suppressor	  mutation.	  	  	  Quantitative	  immunoblotting	  indicated	  that	  all	  three	  intragenic	  suppressors	  had	  little	  impact	  on	  the	  intracellular	  concentration	  of	  FtsZ84	  (Figure	  2).	  This	  observation	  indicates	  that	  all	  three	  suppress	  ftsZ84	  associated	  heat	  sensitivity	  by	  altering	  FtsZ	  assembly	  dynamics,	  rather	  than	  increasing	  intracellular	  concentration.	  This	  is	  in	  contrast	  to	  previous	  reports	  suggesting	  that	  suppression	  of	  ftsZ84	  heat	  sensitivity	  is	  due	  to	  increases	  in	  ftsZ84	  expression	  (13).	  	  
Intragenic	  suppressors	  restore	  in	  vivo	  temperature	  resistance	  of	  ftsZ84	  cells	  Analysis	  of	  ftsZ84*	  alleles	  transduced	  into	  a	  fresh	  wild-­‐type	  background	  indicates	  that	  suppressors	  can	  fully	  restore	  colony	  forming	  ability	  and	  partially	  restore	  growth	  under	  nonpermissive	  conditions.	  Colony	  forming	  ability	  was	  restored	  more	  than	  10,000-­‐
fold	  relative	  to	  the	  ftsZ84	  parent.	  Suppressor	  colonies	  were	  smaller	  than	  those	  of	  a	  congenic	  wild	  type	  strain,	  but	  otherwise	  appeared	  morphologically	  normal	  (Figure	  3A).	  	  Consistent	  with	  their	  reduced	  colony	  size,	  all	  3	  ftsZ84*	  mutants	  grew	  more	  slowly	  than	  the	  congenic	  wild	  type	  strain	  at	  nonpermissive	  conditions.	  Wild-­‐type	  MG1655	  E.	  coli	  has	  a	  doubling	  time	  of	  26.2	  minutes	  in	  no	  salt	  media	  at	  42°C	  and,	  as	  expected	  for	  cells	  blocked	  for	  division,	  ftsZ84	  cells	  grew	  in	  OD	  for	  a	  few	  doubling	  periods	  before	  OD600	  plateaued	  (Figure	  3B,	  Table	  1).	  The	  ftsZ84*M206I	  strain	  and	  the	  ftsZ84*V293I	  strain	  had	  doubling	  times	  ~	  1.4	  times	  slower	  than	  wild	  type	  (~34	  and	  38	  minutes,	  respectively)	  while	  the	  ftsZ84*F39L	  mutant	  grew	  at	  approximately	  half	  the	  rate	  of	  wild	  type	  (~57	  minute	  doubling	  time)	  (Figure	  3B,	  Table	  1).	  In	  contrast,	  no	  growth	  defect	  was	  observed	  under	  permissive	  conditions:	  wild	  type,	  ftsZ84	  and	  ftsZ84*	  strains	  all	  exhibited	  growth	  rates	  of	  ~50	  minutes	  (Table	  1).	  	  We	  next	  assessed	  the	  ability	  of	  intragenic	  suppressors	  to	  restore	  FtsZ-­‐ring	  formation	  and	  division	  to	  ftsZ84	  cells.	  We	  measured	  the	  cell	  lengths	  of	  the	  mutants	  via	  membrane	  staining	  of	  live	  cells	  and	  used	  immunofluorescence	  microscopy	  to	  label	  FtsZ	  and	  determine	  the	  length	  per	  FtsZ	  ring	  (L/R)	  ratios	  of	  the	  cells.	  	  While	  all	  three	  ftsZ84*	  mutant	  strains	  restored	  growth	  and	  division	  under	  nonpermissive	  conditions,	  they	  exhibited	  varying	  cell	  length	  and	  FtsZ	  ring	  assembly	  capabilities	  under	  permissive	  conditions.	  When	  cultured	  in	  high	  salt	  medium	  at	  30°C	  wild-­‐type	  cells	  averaged	  ~3.5	  μm	  in	  length	  with	  a	  length	  to	  FtsZ-­‐ring	  (L/R)	  ratio	  of	  ~	  6.5	  μm	  (Figure	  4,	  5A).	  In	  contrast,	  the	  ftsZ84	  parent	  strain	  averaged	  ~	  4.3	  μm	  in	  length	  with	  an	  L/R	  ratio	  of	  7.2	  μm	  (Figure	  4,	  5A).	  Of	  the	  three	  suppressors,	  only	  ftsZ84*M206I	  exhibited	  a	  near	  wild-­‐type	  cell	  length	  (~3.4	  μm)	  although	  its	  L/R	  ratio	  was	  slightly	  elevated	  (~7.8	  μm)	  
(Figure	  4,	  5A).	  On	  the	  other	  hand,	  ftsZ84*V293I	  cells	  had	  a	  near	  wild	  type	  L/R	  ratio	  (~6.3	  μm)	  but	  were	  ~40%	  longer	  than	  wild-­‐type	  cells	  (4.9	  μm),	  suggesting	  that	  not	  all	  FtsZ	  rings	  formed	  could	  undergo	  division	  (Figure	  4,	  5A).	  ftsZ84*F39L	  	  cells	  were	  2.2	  times	  longer	  than	  wild-­‐type	  cells	  (7.7	  μm)	  and	  had	  a	  	  ~2-­‐fold	  higher	  L/R	  ratio	  of	  13	  μm	  (Figure	  4,	  5A).	  	  Under	  nonpermissive	  conditions,	  all	  three	  ftsZ84*	  exhibited	  a	  broad	  distribution	  of	  cell	  lengths	  and	  FtsZ	  ring	  formation.	  Wild-­‐type	  cells	  cultured	  in	  low	  salt	  medium	  at	  42°C	  were	  ~3.4	  μm	  long	  while	  ftsZ84	  cells	  exhibited	  extensive	  filamentation,	  as	  expected	  (Figure	  4).	  The	  ftsZ84*	  M206I	  and	  ftsZ84*V293I	  mutations	  restored	  FtsZ	  ring	  formation	  and	  cell	  length	  with	  the	  ftsZ84*M206I	  strain	  exhibiting	  a	  L/R	  ratio	  of	  47.9	  μm	  and	  an	  average	  length	  of	  15	  μm	  and	  the	  ftsZ84*V293I	  displaying	  a	  L/R	  ratio	  of	  22.8	  μm	  and	  an	  average	  length	  of	  13	  μm	  (Figure	  4,	  5B).	  The	  ftsZ84*F39L	  mutation	  had	  the	  most	  severe	  phenotype	  under	  nonpermissive	  conditions	  with	  an	  average	  length	  of	  24	  μm	  (note	  that	  several	  filaments	  extended	  out	  of	  the	  field	  of	  view	  and	  could	  not	  be	  measured,	  making	  this	  value	  much	  lower	  than	  the	  actual	  average	  length	  of	  all	  cells)	  and	  a	  L/R	  ratio	  of	  ~100	  μm	  (Figure	  4,	  5B).	  These	  long	  cells	  along	  with	  the	  slow	  growth	  suggest	  that	  this	  mutation	  restores	  FtsZ	  function	  just	  enough	  so	  that	  a	  rare	  division	  can	  occur	  and	  maintain	  the	  population.	  In	  addition	  to	  restoring	  ring	  formation	  and	  division	  to	  ftsZ84	  cells,	  the	  ftsZ84*	  mutants	  exhibited	  increased	  rates	  of	  polar	  FtsZ	  assembly	  under	  both	  permissive	  and	  nonpermissive	  conditions	  suggesting	  FtsZ84*	  was	  unable	  to	  dissociate	  following	  a	  septation.	  The	  frequency	  of	  polar	  FtsZ	  rings	  in	  wild	  type	  and	  ftsZ84	  cells	  under	  permissive	  conditions	  was	  0.7%	  (5	  poles	  with	  polar	  assembly/720	  cell	  poles)	  and	  0.5%	  (2	  poles	  with	  polar	  assembly/408	  cell	  poles)	  respectively.	  We	  could	  find	  no	  evidence	  of	  polar	  FtsZ	  rings	  in	  wild	  type	  or	  ftsZ84	  cells	  under	  nonpermissive	  conditions	  (Figure	  5).	  Polar	  ring	  frequency	  
was	  slightly	  elevated	  in	  ftsZ84*	  M206I	  cells	  with	  levels	  of	  2.1%	  (10	  assemblies/482	  cell	  poles)	  and	  11%	  (26	  assemblies/238	  cell	  poles)	  under	  permissive	  and	  nonpermissive	  conditions,	  respectively	  (Figure	  5).	  However,	  both	  ftsZ84*F39L	  and	  ftsZ84*V293I	  exhibited	  a	  greater	  than	  5-­‐fold	  increase	  in	  polar	  FtsZ	  ring	  frequency	  under	  permissive	  conditions.	  The	  fraction	  of	  poles	  exhibiting	  FtsZ	  ring	  assemblies	  for	  ftsZ84*F39L	  was	  28%	  (94	  assemblies/332	  cells)	  and	  17%	  (16	  assemblies/94	  poles)	  under	  permissive	  and	  non	  permissive	  conditions,	  respectively,	  while	  ftsZ84*V293I	  cells	  displayed	  polar	  assembly	  in	  11%	  (52	  assemblies/456	  poles)	  and	  14%	  (39	  assemblies/270	  poles)	  of	  poles	  under	  permissive	  and	  nonpermissive	  conditions	  (Figure	  5).	  	  We	  occasionally	  observed	  abnormal	  polar	  morphology	  and	  cell	  branching	  in	  the	  
ftsZ84*	  mutants.	  These	  defects	  ranged	  from	  minor	  polar	  extensions	  and	  protrusions	  to	  severely	  forked	  cells	  and	  minicells	  (Figure	  6).	  All	  of	  the	  wild-­‐type	  cells	  and	  the	  vast	  majority	  of	  ftsZ84	  cells	  exhibited	  wild-­‐type	  cell	  hemispherical	  poles	  (Figure	  6).	  Under	  permissive	  conditions,	  the	  ftsZ84*M206I	  displayed	  wild-­‐type	  phenotypes	  (Figure	  6).	  However,	  under	  nonpermissive	  conditions,	  the	  majority	  (83%)	  of	  ftsZ84*M206I	  cells	  displayed	  normal	  polar	  phenotypes	  but	  there	  was	  an	  increase	  in	  polar	  extensions	  (Figure	  6).	  91%	  of	  the	  ftsZ84*V293I	  strain	  exhibited	  wild-­‐type	  polar	  phenotypes	  at	  both	  permissive	  and	  nonpermissive	  conditions	  and	  the	  rest	  exhibit	  a	  range	  of	  phenotypes	  from	  extended	  poles	  to	  minicell	  formation	  (Figure	  6).	  The	  ftsZ84*F39L	  cells	  exhibited	  the	  most	  severe	  polar	  phenotypes	  with	  ~40%	  and	  ~20%	  of	  cells	  displaying	  abnormal	  polar	  phenotypes	  at	  permissive	  conditions	  nonpermissive	  conditions,	  respectively.	  These	  abnormal	  phenotypes	  and	  branching	  suggest	  that	  the	  ftsZ84*	  mutants	  have	  an	  increased	  amount	  of	  incorrectly	  
oriented	  FtsZ	  rings,	  which	  give	  rise	  to	  asymmetric	  cell	  poles	  and	  the	  abnormal	  insertion	  of	  inert	  peptidoglycan	  (normally	  only	  at	  cell	  poles),	  which	  triggers	  branch	  formation	  (14).	  	  
Suppressors	  restore	  GTPase	  activity	  in	  FtsZ84	  
	   To	  determine	  how	  these	  intragenic	  suppressors	  mediate	  FtsZ	  assembly	  under	  nonpermissive	  conditions,	  we	  cloned	  and	  purified	  the	  mutant	  FtsZ84*	  proteins	  to	  perform	  in	  vitro	  GTPase	  assays	  and	  assembly	  assays	  (Figure	  1B).	  	  The	  active	  site	  for	  GTP	  hydrolysis	  is	  only	  formed	  upon	  oligomerization	  as	  the	  GTP-­‐binding	  pocket	  of	  one	  monomer	  contacts	  the	  T7	  synergy	  loop	  of	  the	  adjacent	  monomer	  (Figure	  1A)(5,	  15).	  	  All	  three	  FtsZ84*	  proteins	  restored	  GTPase	  activity	  to	  about	  half	  that	  of	  wild-­‐type	  FtsZ.	  Under	  our	  standard	  reaction	  conditions,	  wild-­‐type	  FtsZ	  exhibited	  a	  GTPase	  activity	  of	  7.31	  GTP/FtsZ/min	  and	  FtsZ84	  had	  a	  greatly	  reduced	  GTPase	  activity	  level	  of	  0.47	  GTP/FtsZ/min	  (Table	  2).	  The	  three	  suppressors	  restored	  GTP	  hydrolysis	  to	  3.07,	  3.37,	  and	  3.06	  GTP/FtsZ/minute	  for	  FtsZ84*F39L,	  FtsZ84*M206I,	  and	  FtsZ84*V293I,	  respectively	  (Table	  2).	  
	  
Secondary	  suppressors	  do	  not	  restore	  assembly	  in	  vitro	  To	  determine	  whether	  the	  intragenic	  suppressors	  restored	  in	  vitro	  assembly	  to	  FtsZ84	  protein,	  we	  examined	  assembly	  of	  all	  three	  FtsZ84*	  proteins	  using	  2	  standard	  FtsZ	  assembly	  assays:	  90	  degree	  angle	  light	  scattering	  and	  electron	  microscopy	  (EM).	  90	  angle	  degree	  light	  scattering	  is	  commonly	  used	  to	  measure	  FtsZ	  assembly	  in	  vitro	  (16-­‐19).	  Light	  scattering	  measures	  protein	  assembly	  using	  the	  property	  that	  larger	  structures	  such	  as	  single	  stranded	  protofilaments	  or	  protofilament	  bundles	  will	  scatter	  more	  light	  than	  
smaller	  structures	  such	  as	  FtsZ	  monomers	  (16).	  A	  limitation	  of	  light	  scattering	  is	  its	  inability	  to	  distinguish	  between	  a	  large	  number	  of	  relatively	  small	  structures	  and	  a	  few	  very	  large	  structures.	  To	  circumvent	  this	  issue,	  we	  also	  employed	  electron	  microscopy	  (EM)	  to	  visualize	  FtsZ	  ultrastructures	  directly	  (18-­‐20).	  Although	  all	  three	  restored	  FtsZ84	  GTPase	  activity	  to	  about	  half	  of	  the	  wild-­‐type	  level,	  none	  of	  the	  intragenic	  suppressors	  were	  able	  to	  restore	  FtsZ	  assembly	  via	  light	  scattering.	  As	  previously	  reported	  in	  standard	  buffer	  conditions	  (50	  mM	  MES,	  pH	  6.5,	  50	  mM	  KCl,	  2.5	  mM	  MgCl2,	  1	  mM	  EGTA),	  wild-­‐type	  FtsZ	  assembles	  via	  light	  scattering	  following	  the	  addition	  of	  GTP	  and	  forms	  single-­‐stranded	  protofilaments	  via	  EM	  (Figure	  7A,D)	  (21).	  FtsZ84,	  on	  the	  other	  hand,	  was	  unable	  to	  assemble	  via	  light	  scattering	  or	  form	  even	  short	  single	  stranded	  polymers	  via	  EM	  (Figure	  7D).	  The	  FtsZ84*	  mutants	  also	  did	  not	  assemble	  via	  EM	  or	  light	  scattering	  (Figure	  7).	  Instead,	  the	  light	  scattering	  signal	  remained	  near	  baseline	  and	  even	  decreased	  slightly	  for	  the	  3	  FtsZ84*	  mutant	  proteins	  and	  only	  monomeric	  FtsZ	  was	  observed	  via	  EM	  (Figure	  7A,D).	  Increasing	  the	  magnesium	  ion	  concentration	  from	  2.5mM	  to	  10mM,	  has	  been	  shown	  to	  enhance	  the	  light	  scattering	  signal	  of	  wild	  type	  E.	  coli	  FtsZ	  (16).	  However,	  increasing	  the	  magnesium	  ion	  concentration	  had	  no	  impact	  on	  assembly	  of	  the	  three	  FtsZ84*	  mutant	  proteins.	  When	  we	  performed	  light	  scattering	  assay	  in	  the	  presence	  of	  10	  mM	  magnesium	  ions,	  wild-­‐type	  assembly	  increased	  as	  expected	  (Figure	  7B).	  However,	  the	  FtsZ84*	  mutations	  still	  did	  not	  assemble	  (Figure	  7B).	  Increasing	  the	  potassium	  levels	  similarly	  did	  not	  restore	  any	  assembly	  by	  EM	  (Figure	  7D).	  	  
Suppressors	  reduce	  the	  GTPase	  activity	  and	  in	  vitro	  assembly	  of	  wild-­‐type	  FtsZ	  	   To	  determine	  how	  the	  F39L,	  M206I	  and	  V293I	  mutations	  affected	  GTPase	  activity	  and	  in	  vitro	  assembly	  independently	  from	  the	  ftsZ84	  mutation,	  we	  inserted	  these	  mutations	  in	  the	  wild-­‐type	  FtsZ	  sequence	  to	  create	  FtsZ*F39L,	  FtsZ*M206I,	  and	  FtsZ*V293I	  (Figure	  1B).	  These	  mutations	  all	  reduced	  the	  wild-­‐type	  GTPase	  activity	  to	  differing	  extents.	  The	  FtsZ*F39L	  reduced	  the	  GTP	  hydrolysis	  rate	  the	  most	  to	  0.87	  GTP/FtsZ/min	  (Table	  2).	  The	  FtsZ*M206I	  mutation	  slightly	  reduced	  the	  GTPase	  activity	  to	  5.89	  GTP/FtsZ/min	  and	  the	  FtsZ*V293I	  protein	  exhibited	  a	  GTP	  hydrolysis	  rate	  of	  2.59	  GTP/FtsZ/min	  (Table	  2).	  The	  reduced	  level	  of	  GTPase	  activity	  in	  these	  mutant	  proteins	  indicates	  that,	  while	  these	  mutations	  restore	  GTPase	  activity	  to	  FtsZ84,	  they	  do	  not	  enhance	  (and	  in	  fact	  disrupt)	  wild-­‐type	  GTPase	  activity.	  In	  particular,	  mutating	  the	  phenylalanine	  at	  position	  39	  almost	  completely	  disrupts	  GTPase	  activity.	  	  To	  help	  clarify	  the	  mechanism	  of	  suppression,	  we	  next	  examined	  the	  impact	  of	  the	  F39L,	  M206I	  and	  V293I	  mutations	  affected	  the	  ability	  of	  wild-­‐type	  FtsZ	  to	  assemble	  in	  vitro.	  These	  suppressors	  displayed	  reduced	  light	  scattering	  in	  accordance	  with	  their	  reduced	  GTPase	  activity.	  Under	  standard	  reaction	  conditions,	  the	  FtsZ*V293	  and	  FtsZ*M206I	  both	  reduced	  light	  scattering	  of	  the	  wild-­‐type	  protein	  ~25-­‐50%	  (Figure	  7C).	  The	  FtsZ*F39L	  mutation	  abolished	  light	  scattering	  to	  a	  level	  that	  was	  almost	  equivalent	  to	  FtsZ84	  (Figure	  7C).	  	  	  	  
Genomic	  sequencing	  revealed	  2	  additional	  mutations	  in	  the	  ftsZ84	  strain	  	   Genomic	  sequencing	  revealed	  the	  presence	  of	  2	  mutations	  in	  genes	  between	  the	  
ftsZ84	  allele	  and	  the	  leu-­‐82::Tn10	  tetR	  marker.	  The	  original	  ftsZ84	  mutant	  (PAT84)	  was	  
made	  using	  the	  alkylating	  agent	  N-­‐methyl-­‐N'-­‐nitro-­‐N-­‐nitrosoguanidine	  (NTG)	  mutagenesis	  (9,	  22).	  This	  mutation	  was	  moved	  to	  a	  fresh	  background	  using	  a	  Tn10-­‐tet	  insertion	  that	  maps	  to	  the	  leuD	  locus	  (leu-­‐82::Tn10).	  The	  tetR	  marker	  is	  27	  kb	  upstream	  of	  FtsZ	  and	  thus,	  21	  genes	  from	  the	  original	  mutagenesis	  have	  accompanied	  every	  transduction	  of	  ftsZ84	  into	  a	  new	  background.	  The	  ftsZ84	  strain	  was	  complemented	  by	  expression	  of	  FtsZ	  from	  a	  plasmid	  thus;	  the	  ftsZ84	  mutation	  was	  referenced	  as	  the	  causative	  mutation	  for	  the	  temperature	  sensitivity	  of	  this	  strain	  (8).	  	   We	  sequenced	  the	  genome	  of	  our	  ftsZ84	  strain	  and	  found	  2	  mutations	  between	  
ftsZ84	  and	  the	  tetR	  marker	  that	  differed	  from	  our	  wild-­‐type	  MG1655	  background.	  These	  mutations	  were	  point	  mutations	  in	  murE	  and	  ftsW.	  MurE	  catalyzes	  the	  addition	  of	  mesodiaminopimelate	  to	  peptidoglycan	  monomers	  (23).	  We	  identified	  a	  conservative	  mutation	  that	  changes	  a	  valine	  to	  an	  isoleucine	  (V461I)	  near	  the	  C-­‐terminus	  of	  the	  protein,	  following	  the	  conserved	  domains	  of	  the	  protein.	  	   FtsW	  is	  an	  integral	  membrane	  protein	  that	  stabilizes	  the	  FtsZ	  ring	  (24)	  and	  recruits	  FtsI	  (PBP3)	  to	  the	  division	  site	  (25).	  Additionally,	  FtsW	  has	  been	  identified	  as	  a	  flippase	  that	  transports	  lipid-­‐linked	  peptidoglycan	  precursors	  across	  the	  cytoplasmic	  membrane	  (26).	  We	  identified	  a	  mutation	  in	  the	  first	  transmembrane	  domain	  that	  replaces	  a	  glycine	  with	  glutamic	  acid,	  thereby	  adding	  a	  charged	  residue	  in	  the	  hydrophobic	  transmembrane	  domain	  and	  lowering	  its	  potential	  to	  be	  accurately	  inserted	  in	  the	  membrane.	  To	  determine	  whether	  this	  point	  mutation	  was	  contributing	  to	  the	  temperature	  sensitivity	  or	  salt	  sensitivity	  of	  ftsZ84	  cells,	  we	  expressed	  wild-­‐type	  ftsW	  from	  an	  arabinose	  inducible	  promoter.	  The	  expression	  of	  wild-­‐type	  ftsW	  did	  not	  alter	  the	  temperature	  resistance	  of	  
ftsZ84	  cells,	  suggesting	  that	  this	  mutation	  may	  not	  play	  a	  role	  in	  the	  temperature	  sensitivity	  
of	  the	  ftsZ84	  strain	  (Figure	  8).	  Further	  analysis	  will	  shed	  light	  on	  whether	  the	  MurE	  and	  FtsW	  point	  mutations	  affect	  the	  ftsZ84	  phenotypes.	  
	  
	   	  
Discussion	  
	   Analysis	  of	  three	  intragenic	  suppressors	  of	  FtsZ84	  identified	  residues	  important	  for	  GTPase	  activity	  and	  in	  vivo	  assembly.	  These	  mutations	  restored	  in	  vivo	  assembly	  and	  in	  
vitro	  GTPase	  activity	  to	  different	  extents	  but	  did	  not	  assemble	  in	  commonly	  used	  in	  vitro	  assembly	  assays.	  Thus,	  cellular	  factors	  must	  help	  FtsZ84	  and	  FtsZ84*	  proteins	  assemble	  in	  
vivo.	  These	  results	  indicate	  that	  care	  should	  be	  undertaken	  when	  comparing	  in	  vitro	  assembly	  assays	  with	  the	  in	  vivo	  activity	  of	  FtsZ	  as	  the	  in	  vitro	  assembly	  does	  not	  reflect	  the	  
in	  vivo	  potential	  in	  the	  FtsZ84	  mutant.	  	  	   Intriguingly,	  we	  only	  found	  three	  intragenic	  suppressors	  despite	  near	  saturation	  mutagenesis.	  This	  suggests	  that	  other	  mutations	  in	  the	  ftsZ-­‐coding	  region	  were	  not	  viable	  and	  that	  there	  is	  significant	  pressure	  to	  keep	  the	  FtsZ	  sequence	  the	  same.	  	  	   The	  presence	  of	  GTPase	  activity	  in	  these	  mutants	  suggests	  that	  FtsZ84*	  mutants	  must	  be	  capable	  of	  dimerization	  or	  forming	  oligomers,	  as	  GTP	  hydrolysis	  can	  only	  occur	  when	  two	  FtsZ	  monomers	  interact.	  This	  suggests	  that	  in	  vivo,	  perhaps	  very	  short	  filaments	  are	  capable	  of	  loosely	  interacting	  to	  form	  the	  Z-­‐ring.	  However,	  the	  mechanism	  by	  which	  FtsZ84	  can	  form	  a	  ring	  in	  vivo	  when	  it	  has	  such	  reduced	  GTPase	  activity	  in	  vitro	  remains	  a	  mystery.	  	   While	  each	  of	  the	  FtsZ84*	  mutants	  restored	  GTPase	  activity	  of	  the	  FtsZ84	  protein,	  when	  introduced	  in	  wild-­‐type	  FtsZ,	  they	  reduced	  the	  GTPase	  activity.	  The	  FtsZ*M206I	  only	  marginally	  reduced	  GTPase	  turnover	  rates	  and	  FtsZ*V293I	  reduced	  the	  hydrolysis	  to	  ~1/3	  of	  the	  level	  of	  wild	  type.	  The	  M206I	  mutation’s	  location	  in	  the	  T7	  synergy	  loop	  suggests	  that	  this	  mutation	  interacts	  with	  FtsZ’s	  ability	  to	  hydrolyze	  GTP.	  The	  FtsZ*V293I	  mutation	  is	  located	  along	  the	  subunit	  interface	  and	  may	  also	  interact	  with	  the	  T7	  loop	  or	  the	  GTP	  
binding	  pocket.	  The	  FtsZ*F39L	  mutation	  causes	  a	  10-­‐fold	  reduction	  in	  GTP	  hydrolysis	  rates	  from	  wild	  type	  and	  the	  position	  of	  this	  mutant	  suggests	  the	  phenylalanine	  in	  that	  position	  may	  structurally	  support	  GTP	  binding.	  This	  residue	  may	  also	  help	  orient	  the	  T7	  helix	  so	  that	  the	  synergy	  loop	  is	  correctly	  located	  to	  hydrolyze	  GTP.	  	  
Cellular	  factors	  may	  help	  FtsZ84	  assemble	  in	  vivo	  	   How	  FtsZ84	  can	  assemble	  in	  the	  cell	  under	  permissive	  conditions	  with	  its	  impaired	  GTPase	  activity	  and	  polymerization	  in	  vitro	  remains	  an	  open	  question.	  Here	  we	  show	  that	  mutations	  in	  FtsZ84	  that	  increase	  GTPase	  activity	  allow	  the	  protein	  to	  assemble	  and	  facilitate	  division	  under	  nonpermissive	  conditions.	  Even	  though	  in	  vivo	  assembly	  is	  restored,	  in	  vitro	  assembly	  is	  not	  observed,	  suggesting	  that	  traditional	  in	  vitro	  protein	  assembly	  assays	  do	  not	  always	  recapitulate	  in	  vivo	  assembly.	  	   One	  hypothesis	  is	  that	  FtsZ-­‐ring	  stabilizing	  proteins	  help	  facilitate	  FtsZ84	  ring	  formation	  in	  permissive	  conditions	  and	  FtsZ84*	  ring	  formation	  in	  nonpermissive	  conditions.	  FtsA	  tethers	  FtsZ	  to	  the	  membrane	  and	  this	  interaction	  might	  help	  the	  FtsZ84*	  proteins	  assemble.	  Other	  candidate	  proteins	  include	  FtsZ-­‐ring	  stabilizers	  ZipA	  and	  the	  Zap	  proteins.	  2-­‐fold	  overexpression	  of	  ZipA	  has	  been	  shown	  to	  suppress	  ftsZ84	  temperature	  resistance	  by	  stabilizing	  FtsZ84	  rings	  in	  vivo	  (27).	  The	  Zaps	  (FtsZ-­‐ring-­‐associated	  proteins)	  have	  overlapping	  functions	  in	  stabilizing	  FtsZ	  protofilaments	  and	  consist	  of	  ZapA,	  ZapB,	  ZapC	  and	  ZapD	  (28).	  In	  particular,	  ZapA,	  ZapB	  and	  ZapD	  exacerbate	  ftsZ84’s	  temperature	  sensitive	  phenotype,	  suggesting	  these	  proteins	  help	  to	  promote	  FtsZ84	  ring	  formation	  under	  permissive	  conditions	  (29-­‐31).	  Further	  analysis	  will	  identify	  whether	  the	  Zap	  proteins	  stabilize	  FtsZ84*	  mutant	  assembly	  under	  nonpermissive	  conditions.	  
	  
Linked	  mutations	  in	  ftsW	  and	  murE	  may	  enhance	  ftsZ84	  temperature	  sensitive	  phenotype	  	   Sequencing	  upstream	  of	  the	  ftsZ84	  locus	  revealed	  two	  point	  mutations	  in	  murE	  and	  
ftsW.	  While	  the	  murE	  mutation	  is	  likely	  a	  conservative	  mutation	  that	  does	  not	  impact	  gene	  function,	  the	  ftsW	  mutation	  results	  in	  a	  charged	  residue	  in	  the	  first	  transmembrane	  domain	  and	  may	  result	  in	  improper	  insertion	  of	  FtsW	  into	  the	  plasma	  membrane.	  As	  both	  FtsW	  and	  MurE	  are	  essential	  and	  play	  important	  roles	  in	  stabilizing	  the	  FtsZ	  ring	  (FtsW)	  and	  synthesizing	  a	  precursor	  of	  peptidoglycan	  (MurE)	  future	  analysis	  should	  be	  carried	  out	  to	  determine	  any	  pleiotropic	  effects	  of	  these	  mutations	  on	  ftsZ84	  temperature	  sensitivity.	  Importantly,	  this	  result	  calls	  attention	  to	  the	  fact	  that	  traditional	  chemical	  mutagenesis	  resulted	  in	  many	  mutations	  and	  suggests	  regions	  between	  other	  temperature	  sensitive	  mutations	  and	  their	  markers	  may	  also	  contain	  mutations.	  	  	   	  
	   	  
Methods	  and	  Materials	  
General	  Methods	  and	  Strain	  Construction	  All	  E.	  coli	  strains	  are	  derivatives	  of	  MG1655	  and	  are	  listed	  in	  Table	  3.	  ftsZ84	  (PL2452)	  was	  maintained	  in	  LB	  (with	  1%	  NaCl)	  at	  30°C.	  Cells	  were	  grown	  under	  nonpermissive	  conditions	  of	  42°C	  in	  LB-­‐no	  salt	  media	  where	  indicated.	  Cloning	  of	  pBad-­‐ftsW	  was	  performed	  using	  Gibson	  cloning	  (NEB).	  Other	  cloning,	  transformations	  and	  phage	  transduction	  were	  carried	  out	  under	  standard	  conditions	  (32,	  33).	  Ampicillin	  (100	  μg/ml),	  tetracycline	  (12.5	  μg/ml)	  and	  arabinose	  (0.5%)	  were	  used	  when	  needed.	  
	  
Screen	  to	  identify	  spontaneous	  suppressors	  of	  ftsZ84	  
ftsZ84	  cells	  were	  grown	  to	  mid-­‐log	  (OD	  0.2-­‐0.5)	  in	  permissive	  conditions	  (30°C,	  LB).	  1	  ml	  of	  cell	  culture	  was	  removed,	  washed	  1X	  in	  no	  salt	  media	  and	  plated	  onto	  LB-­‐no	  salt	  plates	  at	  42°C.	  Colonies	  were	  struck	  onto	  LB-­‐no	  salt	  plates	  at	  42°C	  and	  suppressors	  were	  analyzed	  for	  linkage	  to	  ftsZ84	  using	  phage	  transduction	  (32)	  onto	  LB	  plates	  containing	  Tetracycline	  and	  then	  patching	  transductants	  onto	  nonpermissive	  conditions	  to	  determine	  whether	  they	  were	  temperature	  resistant.	  	  
Growth	  curves	  Strains	  were	  grown	  in	  permissive	  conditions	  to	  mid-­‐log	  (OD600	  0.2-­‐0.5).	  Cells	  were	  pelleted	  and	  washed	  1X	  with	  LB-­‐no	  salt	  media	  and	  back-­‐diluted	  to	  a	  calculated	  OD600	  of	  0.025	  in	  prewarmed	  (42°C)	  LB-­‐no	  salt	  (nonpermissive	  conditions)	  or	  LB	  at	  30°C	  (permissive	  conditions).	  Absorbance	  (OD600)	  was	  measured	  every	  30	  minutes	  post	  back-­‐dilution	  for	  6	  
hours.	  The	  doubling	  time	  during	  exponential	  phase	  was	  calculated	  using	  doubling-­‐time.com.	  	  
Plating	  efficiency	  assay	  Cells	  were	  grown	  to	  mid-­‐log	  (OD600	  0.2-­‐0.5)	  under	  permissive	  conditions.	  Cells	  were	  pelleted	  and	  washed	  1X	  in	  LB-­‐no	  salt	  media.	  Cells	  were	  resuspended	  in	  LB-­‐no	  salt	  media	  to	  a	  calculated	  OD600	  of	  0.2.	  Tenfold	  serial	  dilutions	  were	  plated	  on	  permissive	  or	  nonpermissive	  conditions.	  For	  the	  ftsW	  expression	  experiments,	  cells	  were	  plated	  on	  LB	  or	  LB-­‐no	  salt	  with	  amp	  and	  thymine.	  0.5%	  arabinose	  was	  used	  to	  express	  ftsW.	  	  
Fluorescence	  microscopy	  For	  live	  cell	  imaging,	  FM4-­‐64	  was	  used	  at	  a	  final	  concentration	  of	  1	  μg/ml	  and	  the	  cells	  were	  spotted	  on	  1%	  agarose	  in	  PBS	  slides.	  Images	  were	  captured	  within	  10	  minutes	  of	  placing	  the	  cells	  on	  the	  slides.	  Cell	  length	  was	  calculated	  by	  measuring	  the	  distance	  of	  the	  cells	  from	  pole	  to	  pole.	  Only	  cells	  that	  were	  completely	  visible	  in	  the	  field	  were	  measured.	  Immunofluorescence	  microscopy	  was	  performed	  as	  previously	  described	  (34,	  35).	  Length-­‐per-­‐ring	  ratios	  were	  calculated	  by	  measuring	  the	  total	  length	  of	  cells	  and	  counting	  FtsZ	  rings.	  	  
Quantitative	  immunoblotting	  Quantitative	  immunoblotting	  was	  performed	  as	  previously	  described	  in	  Weart	  and	  Levin,	  2003	  (36),	  except	  that	  20	  ml	  of	  cultures	  at	  OD600	  0.2	  were	  pelleted	  and	  resuspended	  in	  500	  μl	  PBS	  and	  added	  to	  ~70	  mg	  silica	  beads.	  Cell	  lysates	  were	  prepared	  with	  a	  FastPrep	  
machine	  for	  2	  pulses	  of	  20	  seconds	  at	  6.0	  m/s.	  Gel	  loading	  was	  normalized	  to	  the	  sampling	  OD600	  and	  controlled	  by	  Ponceau	  S	  staining	  after	  the	  transfer.	  Quantification	  of	  FtsZ-­‐bands	  was	  performed	  with	  ImageJ	  software.	  
	  
90°	  angle	  light	  scattering	  assay	  Light	  scattering	  assays	  were	  performed	  as	  previously	  described	  (19,	  37)	  using	  a	  DM-­‐45	  spectrofluorimeter	  (Olis).	  Readings	  were	  taken	  every	  0.25	  seconds	  and	  a	  baseline	  reading	  was	  established	  for	  60-­‐100	  seconds	  before	  addition	  of	  1	  mM	  GTP.	  Assembly	  reactions	  contained	  5	  μM	  FtsZ	  in	  standard	  assembly	  buffer	  (50	  mM	  MES,	  pH	  6.5,	  50	  mM	  KCl,	  2.5	  mM	  MgCl2,	  1	  mM	  EGTA)	  or	  in	  a	  high	  Mg++	  buffer	  that	  instead	  contained	  10	  mM	  MgCl2.	  Data	  were	  collected	  by	  SpectralWorks	  (Olis)	  and	  exported	  into	  Microsoft	  Excel	  for	  processing.	  	  
Electron	  microscopy	  Electron	  microscopy	  was	  performed	  as	  described	  (38).	  FtsZ	  was	  assembled	  with	  GTP	  as	  for	  light	  scattering	  in	  the	  standard	  buffer	  (50	  mM	  MES,	  pH	  6.5,	  50	  mM	  KCl,	  2.5	  mM	  MgCl2,	  1	  mM	  EGTA)	  or	  a	  buffer	  that	  instead	  had	  250	  mM	  KCl.	  5	  μM	  FtsZ	  was	  used	  for	  all	  in	  vitro	  assembly	  experiments.	  Samples	  were	  visualized	  using	  a	  JEOL	  1200EX	  transmission	  electron	  microscope.	  	  
GTPase	  assay	  GTPase	  activity	  was	  measured	  as	  previously	  described	  (19),	  using	  the	  continuous,	  regenerative	  coupled	  GTPase	  assay	  of	  Ingerman	  and	  Nunnari	  (39).	  Briefly,	  assays	  were	  conducted	  in	  buffer	  conditions	  identical	  to	  the	  standard	  buffer	  used	  for	  light	  scattering	  
with	  5	  μM	  FtsZ,	  1mM	  GTP,	  1	  mM	  phosphoenolpyruvate,	  250	  μM	  NADH,	  80	  units/ml	  lactose	  dehydrogenase	  and	  80	  units/ml	  pyruvate	  kinase.	  We	  used	  the	  linear	  decline	  of	  absorbance	  for	  NADH	  at	  340	  nm	  for	  3	  min	  and	  converted	  the	  raw	  data	  of	  absorbance	  per	  minute	  to	  activity	  using	  the	  extinction	  coefficient	  for	  NADH	  of	  6220	  M-­‐1	  cm-­‐1.	  GTPase	  data	  are	  the	  average	  of	  3-­‐5	  independent	  experiments.	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Figure	  1:	  Mutations	  in	  FtsZ84	  restore	  temperature	  resistance	  to	  the	  ftsZ84	  
strain.	  	  (A)	  The	  FtsZ84	  point	  mutation	  and	  the	  three	  intragenic	  suppressors	  of	  that	  mutation	  mapped	  onto	  the	  crystal	  structure	  of	  an	  FtsZ	  dimer	  from	  Staphylococcus	  
aureus.	  G10S5S	  (blue)	  is	  the	  original	  ftsZ84	  point	  mutation.	  GDP	  is	  shown	  in	  gray.	  The	  three	  intragenic	  suppressors	  F39L,	  M206I	  and	  V293I	  are	  shown.	  	  	  (C)	  A	  cartoon	  indicating	  proteins	  purified	  for	  in	  vitro	  analysis.	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Figure	  2:	  FtsZ	  levels	  are	  ~wild	  type	  in	  ftsZ84*	  mutant	  cells	  grown	  in	  
nonpermissive	  conditions.	  	  Cells	  were	  grown	  to	  an	  OD600	  of	  0.2	  in	  nonpermissive	  conditions.	  Cell	  lysates	  were	  subjected	  to	  immunoblotting.	  The	  average	  and	  standard	  deviation	  of	  2	  independent	  experiments	  is	  shown	  below	  the	  blot.	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Figure	  3:	  ftsZ84*	  mutants	  restore	  plating	  efficiency	  and	  growth	  at	  
nonpermissive	  conditions	  (A)	  Plating	  efficiency	  assays	  of	  wild-­‐type	  cells,	  ftsZ84	  and	  the	  three	  intragenic	  suppressors	  of	  ftsZ84.	  Cells	  were	  cultured	  in	  permissive	  conditions	  to	  an	  OD600	  of	  0.2,	  washed	  in	  no	  salt	  media	  and	  10-­‐fold	  dilutions	  were	  plated	  at	  permissive	  and	  nonpermissive	  conditions.	  (B)	  Growth	  as	  measured	  by	  absorbance	  OD600	  of	  wild-­‐type	  cells,	  ftsZ84	  and	  the	  
ftsZ84*	  strains	  at	  nonpermissive	  conditions.	  Cells	  were	  grown	  to	  mid-­‐log	  in	  permissive	  conditions	  and	  back	  diluted	  to	  a	  calculated	  OD600	  of	  0.025	  in	  nonpermissive	  conditions.	  Growth	  rates	  are	  found	  in	  Table	  1.	  n=3.	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Figure	  4:	  ftsZ84*	  mutants	  restore	  cell	  length	  to	  varying	  extents	  under	  
nonpermissive	  conditions	  (A)	  Representative	  images	  of	  cell	  membrane	  staining	  of	  wild-­‐type	  cells,	  ftsZ84	  and	  
ftsZ84*	  strains	  under	  permissive	  and	  non-­‐permissive	  conditions.	  Bar	  =	  5	  μm.	  (B)	  Box	  and	  whisker	  plots	  of	  cell	  length	  distributions	  in	  permissive	  or	  nonpermissive	  conditions.	  The	  box	  indicates	  the	  middle	  50%	  of	  values,	  the	  line	  indicates	  the	  median,	  the	  short	  bar	  indicates	  the	  mean,	  and	  the	  bars	  represent	  the	  span	  of	  data	  in	  the	  lowest	  quartile	  (below	  the	  box)	  and	  the	  highest	  quartile	  (above	  the	  box).	  Values	  for	  ftsZ84*F39L	  and	  ftsZ84*V293I	  are	  conservative	  as	  many	  filaments	  extended	  past	  the	  field	  of	  view	  and	  could	  not	  be	  quantified.	  Note	  the	  upper	  values	  for	  the	  ftsZ84*	  mutants	  have	  been	  truncated,	  the	  number	  indicates	  the	  highest	  value	  measured.	  N=100-­‐150	  for	  permissive	  conditions	  and	  60-­‐140	  for	  nonpermissive	  conditions.	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Figure	  5:	  ftsZ84*	  mutants	  restore	  FtsZ	  ring	  formation	  to	  varying	  extents	  Representative	  images	  of	  cells	  grown	  under	  permissive	  conditions	  (A)	  or	  nonpermissive	  conditions	  (B)	  and	  labeled	  for	  cell	  wall	  and	  FtsZ.	  Arrowheads	  indicate	  FtsZ	  rings	  and	  asterisks	  indicate	  polar	  FtsZ	  assemblies.	  The	  length	  per	  ring	  (L/R)	  ratio	  was	  calculated	  by	  dividing	  the	  total	  length	  of	  all	  cells	  by	  the	  number	  of	  FtsZ	  rings	  counted.	  The	  %	  polar	  assemblies	  indicate	  the	  number	  of	  poles	  with	  polar	  assemblies	  divided	  by	  the	  total	  number	  of	  cell	  poles.	  Bar	  =	  5	  µm.	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Figure	  6:	  ftsZ84*	  mutants	  exhibit	  abnormal	  morphology	  and	  minicells	  The	  percent	  of	  cells	  with	  each	  morphology	  per	  mutant	  was	  determined	  by	  analyzing	  ~100-­‐150	  cells,	  except	  for	  ftsZ84	  and	  ftsZ84*F39L	  in	  nonpermissive	  conditions	  where	  10	  and	  42	  cells	  were	  examined,	  respectively.	  The	  ftsZ84*	  mutants	  display	  an	  increased	  amount	  of	  abnormal	  morphology	  and	  even	  minicells.	  Bar	  =	  3	  µm.	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Figure	  7:	  ftsZ84*	  mutants	  do	  not	  assemble	  via	  light	  scattering	  or	  EM	  (A-­‐B)	  FtsZ	  (blue),	  FtsZ84	  (red),	  FtsZ84*F39L	  (green),	  FtsZ84*M206I	  (purple),	  and	  FtsZ84*V293I	  (aqua)	  were	  subjected	  to	  light	  scattering	  assays	  in:	  (A)	  	  standard	  conditions	  (50	  mM	  MES,	  pH	  6.5,	  50	  mM	  KCl,	  2.5	  mM	  MgCl2,	  1	  mM	  EGTA)	  or	  (B)	  the	  same	  buffer	  with	  10	  mM	  MgCl2	  buffer	  with	  high	  Mg++	  (methods).	  (C)	  FtsZ	  (blue),	  FtsZ84	  (red),	  FtsZ*F39L	  (green),	  FtsZ*M206I	  (purple),	  and	  FtsZ*V293I	  (aqua)	  were	  subjected	  to	  light	  scattering	  in	  standard	  buffer	  conditions	  (as	  in	  A).	  (D)	  Protein	  assembly	  was	  visualized	  by	  electron	  microscopy	  in	  50	  mM	  KCl	  in	  standard	  conditions	  (50	  mM	  MES,	  pH	  6.5,	  50	  mM	  KCl,	  2.5	  mM	  MgCl2,	  1	  mM	  EGTA)	  or	  with	  the	  identical	  buffer	  except	  with	  250	  mM	  KCl.	  Scale	  bar	  =	  100	  nm.	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Figure	  8:	  Expressing	  wild-­‐type	  ftsW	  does	  not	  complement	  ftsZ84	  temperature	  
sensitivity	  (A)	  A	  mutation	  present	  in	  the	  ftsZ84	  strain	  confers	  the	  point	  mutation	  G15E	  in	  the	  first	  transmembrane	  domain	  of	  FtsW.	  (B)	  Plating	  efficiency	  of	  wild-­‐type,	  ftsZ84	  and	  ftsZ84,	  Pbad-­‐ftsW	  when	  grown	  to	  and	  OD600	  of	  0.2	  in	  permissive	  conditions,	  washed	  in	  no	  salt	  media	  and	  plated	  on	  LB-­‐no	  salt	  plates	  at	  37°C	  or	  42°C.	  ftsZ84,	  Pbad-­‐ftsW	  was	  plated	  on	  media	  containing	  0.5%	  arabinose.	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Table 1: Doubling times of ftsZ84* strains 
Strains were grown in permissive conditions (LB at 30°C) or nonpermissive 
conditions (LB at 42°C) and doubling time during exponential phase was 
calculated. 
 Permissive 
Doubling Time (min) 
Nonpermissive 
Doubling Time (min) 
WT 49.4 (±5.2) 26.2 (±2.8) 
ftsZ84 47.6 (±7.1) na 
ftsZ84*F39L 51.5 (±3.1) 57.3 (±2.1) 
ftsZ84*M206I 51.4 (±2.7) 33.6 (±3.2) 
ftsZ84*V293I 49.0 (±4.1) 38.4 (±3.3) 	  
Table 2: FtsZ GTPase turnover rates 
GTPase assays were carried out in identical conditions to the standard conditions used for light 
scattering and EM (50 mM MES, pH 6.5, 50 mM KCl, 2.5 mM MgCl2, 1nM EGTA, 1 mM GTP, 
30°C). Rates were calculated as GTP consumed/FtsZ subunit/min. 	  FtsZ species GTP/FtsZ/min Std. dev. 
Wild Type 7.31 ±2.28 
FtsZ84 (G103S) 0.47 ±0.05 
FtsZ84*F39L 3.07 ±0.58 
FtsZ84*M206I 3.37 ±1.29 
FtsZ84*V293I 3.06 ±1.06 
FtsZ*F39L 0.87 ±0.19 
FtsZ*M206I 5.89 ±1.50 
FtsZ*V293I 2.59 ±1.16 
Table	  3:	  Strains	  and	  plasmids	  used	  in	  this	  study	  	  
Strain	   Genotype	   Reference	  MG1655	  (PL2036)	   F-­‐	  lambda-­‐ilvG-­‐rfb-­‐50	  rph-­‐1	   	  
ftsZ84	  (PL2452)	   MG1655,	  leu82::Tn10	  ftZ84(ts)	   	  
ftsZ84*F39L	  (HA209)	   MG1655,	  leu82::Tn10	  ftZ84*F39L	   This	  study	  
ftsZ84*M206I	  (HA211)	   MG1655,	  leu82::Tn10	  ftZ84*M206I	   This	  study	  
ftsZ84*V293I	  (HA213)	   MG1655,	  leu82::Tn10	  ftZ84*V293I	   This	  study	  HA223	  	   MG1655,	  leu82::Tn10	  ftZ84(ts),	  PBad-­‐ftsW	   This	  study	  	  	  	  	  
Plasmid/Strain	  
harboring	  plasmid	  
Genotype	   Reference	  pPJ2	  (PL3142)	   pET21b(+)-­‐ftsZ	   Buske	  and	  Levin,	  2012	  HA146	   pET21b(+)-­‐ftsZ84	   This	  study	  HA149	   pET21b(+)-­‐ftsZ84*F39L	   This	  study	  HA147	   pET21b(+)-­‐ftsZ84*M206I	   This	  study	  HA142	   pET21b(+)-­‐ftsZ84*V293I	   This	  study	  HA165	   pET21b(+)-­‐ftsZ*F39L	   This	  study	  HA157	   pET21b(+)ftsZ*M206I	   This	  study	  HA166	   pET21b(+)ftsZ*V293I	   This	  study	  PL3463	   PBad24-­‐ftsW	   This	  study	  	  
CHAPTER	  4	  	  
Summary	  and	  Future	  Investigations	  
	  
	   	  
SUMMARY	  
	   In	  this	  dissertation,	  I	  describe	  two	  areas	  of	  investigation:	  (1)	  the	  control	  of	  cell	  cycle	  progression	  in	  Bacillus	  subtilis	  and	  Staphylococcus	  aureus	  and	  (2)	  the	  role	  of	  GTP	  binding	  and	  hydrolysis	  in	  FtsZ	  assembly.	  In	  Chapter	  2,	  I	  identified	  that	  blocking	  cell	  division	  leads	  to	  a	  rapid	  arrest	  in	  the	  initiation	  of	  DNA	  replication.	  I	  also	  showed	  that	  cells	  subjected	  to	  a	  prolonged	  block	  in	  cell	  division	  encounter	  a	  terminal	  cell	  cycle	  arrest	  where	  the	  cells	  remain	  alive	  and	  metabolically	  active	  but	  are	  unable	  to	  recover	  when	  returned	  to	  permissive	  conditions.	  In	  addition,	  I	  demonstrated	  that	  cells	  subjected	  to	  a	  block	  in	  replication	  initiation	  encounter	  a	  similar	  arrest.	  I	  propose	  that	  cells	  subjected	  to	  a	  prolonged	  block	  in	  division	  or	  DNA	  replication	  initiation	  encounter	  a	  vicious	  cell	  cycle,	  in	  which	  if	  they	  cannot	  divide,	  they	  cannot	  initiate	  DNA	  replication	  and	  if	  DNA	  replication	  is	  not	  initiated,	  cells	  cannot	  divide.	  	   Work	  presented	  in	  Chapter	  3	  explores	  the	  role	  of	  GTP	  hydrolysis	  in	  FtsZ	  assembly.	  I	  identified	  intragenic	  residues	  important	  for	  GTP	  hydrolysis	  by	  screening	  for	  the	  suppression	  of	  the	  heat	  sensitivity	  associated	  with	  ftsZ84,	  a	  heat	  sensitive	  allele	  of	  ftsZ.	  Of	  the	  three	  mutations	  identified,	  all	  restored	  GTPase	  activity	  ~6-­‐fold	  to	  purified	  FtsZ84	  protein	  but	  reduced	  GTPase	  activity	  when	  introduced	  into	  wild-­‐type	  FtsZ.	  One	  residue	  lies	  in	  the	  T7-­‐catalytic	  loop	  critical	  for	  GTP	  hydrolysis	  in	  the	  next	  subunit	  of	  an	  FtsZ	  oligomer.	  The	  other	  two	  residues	  lie	  in	  regions	  of	  FtsZ	  that	  were	  not	  previously	  known	  to	  be	  involved	  in	  GTP	  binding	  or	  hydrolysis.	  In	  addition,	  the	  intragenic	  suppressors	  restored	  in	  vivo	  assembly	  at	  nonpermissive	  conditions,	  
but	  did	  not	  assemble	  via	  traditional	  in	  vitro	  assembly	  assays,	  suggesting	  that	  these	  assays	  do	  not	  always	  reflect	  in	  vivo	  assembly	  potential.	  	  	  
Failsafe	  mechanisms	  control	  cell	  cycle	  progression	  
Cell	  division	  licenses	  the	  initiation	  of	  DNA	  replication	  
	   Prior	  to	  this	  work,	  the	  commonly	  held	  view	  of	  the	  bacterial	  cell	  cycle	  stated	  that	  cell	  division	  and	  DNA	  replication	  were	  independent,	  but	  coordinated	  processes.	  This	  idea	  was	  based	  on	  primarily	  on	  experiments	  indicating	  that	  nucleoids	  continue	  to	  replicate	  and	  segregate	  normally	  after	  a	  short	  division	  block	  [1,	  2].	  Bates	  and	  Kleckner	  proposed	  a	  model	  where	  division	  “licenses”	  initiation	  based	  on	  the	  observation	  that	  in	  slow	  growing	  cells,	  the	  timing	  of	  DNA	  initiation	  is	  more	  closely	  tied	  to	  the	  previous	  division	  than	  cell	  size	  [3].	  However,	  their	  model	  was	  criticized	  and	  largely	  ignored	  due	  to	  lack	  of	  supporting	  experimental	  evidence	  [4,	  5].	  	  The	  data	  presented	  in	  Chapter	  2	  represent	  the	  first	  direct	  evidence	  that	  division	  licenses	  the	  initiation	  of	  DNA	  replication.	  Bacteria	  growing	  in	  the	  nutrient	  rich	  media	  we	  employ	  for	  our	  experiments	  are	  typically	  undergoing	  multi-­‐fork	  replication,	  in	  which	  individual	  cells	  can	  have	  up	  to	  8	  copies	  of	  the	  origin	  and	  only	  one	  or	  two	  copies	  of	  the	  terminus	  [6].	  We	  show	  that	  blocking	  division	  leads	  to	  a	  gradual	  reduction	  in	  nucleotide	  incorporation,	  consistent	  with	  blocking	  DNA	  replication	  at	  the	  level	  of	  initiation	  (no	  new	  initiations	  would	  occur,	  but	  existing	  replication	  forks	  would	  be	  able	  to	  complete	  ongoing	  rounds	  of	  replication).	  This	  replication	  block	  occurs	  within	  two	  mass	  doubling	  periods	  of	  the	  initial	  block	  in	  division	  as	  we	  observed	  a	  20%	  reduction	  in	  the	  incorporation	  of	  a	  fluorescently	  
labeled	  nucleotide	  2.6	  mass	  doubling	  periods	  (MDP)	  after	  cells	  were	  shifted	  to	  restrictive	  conditions.	  Consistent	  with	  a	  block	  at	  initiation	  the	  ratio	  of	  origin	  to	  terminus	  DNA	  and	  number	  of	  origins	  in	  the	  cells	  decreased	  following	  the	  division	  block.	  	  Importantly,	  this	  shows	  that	  cell	  division	  and	  DNA	  replication	  are	  indeed	  coupled,	  contrary	  to	  the	  prevailing	  view	  of	  these	  processes	  as	  independent	  events.	  The	  molecular	  mechanism	  by	  which	  cell	  division	  licenses	  the	  initiation	  of	  DNA	  replication	  and/or	  the	  mechanism	  by	  which	  the	  absence	  of	  cell	  division	  down	  regulates	  the	  initiation	  of	  DNA	  replication	  remain	  an	  open	  question.	  Experiments	  to	  elucidate	  these	  mechanisms	  will	  be	  described	  in	  the	  future	  directions	  section	  below.	  	  
The	  initiation	  of	  DNA	  replication	  potentiates	  FtsZ	  assembly	  at	  midcell	  Several	  lines	  of	  evidence	  from	  outgrowing	  spores	  suggest	  that	  the	  initiation	  of	  DNA	  replication	  helps	  to	  establish	  the	  nascent	  division	  site	  at	  midcell	  in	  Bacillus	  
subtilis.	  First,	  inhibiting	  DNA	  initiation	  results	  in	  a	  ~25-­‐fold	  decrease	  in	  septation	  at	  the	  timing	  when	  the	  first	  cell	  division	  would	  normally	  occur	  [7].	  Additionally,	  FtsZ	  ring	  formation	  declined	  ~2-­‐fold	  after	  a	  block	  of	  DNA	  replication	  initiation	  and	  the	  rings	  that	  did	  form	  were	  positioned	  adjacent	  to	  the	  nucleoid	  [8].	  Moreover,	  Moriya	  et	  al	  reported	  that	  blocking	  initiation	  drastically	  reduced	  midcell	  FtsZ	  ring	  placement	  [9].	  However,	  there	  has	  been	  very	  little	  data	  showing	  whether	  the	  effects	  of	  blocking	  the	  initiation	  of	  DNA	  replication	  in	  rich	  media	  are	  analogous	  to	  these	  experiments	  in	  outgrowing	  spores.	  	  
In	  Chapter	  2,	  I	  expanded	  on	  the	  role	  of	  initiation	  in	  FtsZ	  ring	  formation	  and	  demonstrated	  that	  an	  extended	  block	  in	  DNA	  initiation	  leads	  to	  a	  terminal	  arrest	  in	  cell	  cycle	  progression	  and	  prevents	  FtsZ	  assembly	  altogether.	  At	  3	  MDP	  after	  an	  initiation	  block,	  FtsZ	  ring	  forming	  ability	  was	  ~3-­‐fold	  decreased	  and	  all	  existing	  rings	  formed	  adjacent	  to	  the	  nucleoid,	  similar	  to	  what	  is	  seen	  in	  outgrowing	  spores.	  This	  indicates	  that	  initiation	  is	  also	  needed	  to	  potentiate	  FtsZ	  ring	  formation	  at	  midcell	  in	  steady-­‐state	  cultures	  growing	  in	  rich	  media.	  Anucleate	  cells	  were	  never	  observed,	  suggesting	  that	  the	  FtsZ	  rings	  formed	  at	  this	  time	  are	  incapable	  of	  completing	  division	  –	  signifying	  a	  link	  not	  only	  between	  DNA	  replication	  initiation	  and	  FtsZ	  ring	  formation	  but	  also	  the	  assembly	  of	  the	  divisome	  and	  septation.	  At	  5	  and	  7	  MDP	  following	  an	  initiation	  block,	  ring	  formation	  was	  further	  reduced	  by	  ~6-­‐	  and	  ~12-­‐fold	  and	  the	  vast	  majority	  of	  cells	  did	  not	  have	  FtsZ	  rings.	  	  	  
Failsafe	  mechanisms	  ensure	  cell	  cycle	  progression	  maintains	  the	  proper	  coordination	  	   Checkpoints	  govern	  transitions	  in	  the	  eukaryotic	  cell	  cycle.	  These	  checkpoints	  regulate	  chromosome	  replication	  initiation	  and	  mitosis.	  Prior	  to	  my	  work,	  there	  was	  no	  evidence	  of	  cell	  cycle	  regulation	  in	  rapidly	  growing	  cells	  and	  the	  widely	  accepted	  model	  was	  one	  where	  cell	  division	  was	  independent	  of	  DNA	  replication.	  	   In	  Chapter	  2,	  I	  demolished	  the	  model	  that	  cell	  division	  is	  independent	  of	  DNA	  replication.	  In	  particular,	  I	  illustrated	  that	  proper	  division	  is	  needed	  for	  the	  initiation	  of	  DNA	  replication	  and,	  furthermore,	  that	  proper	  DNA	  replication	  initiation	  is	  needed	  to	  maintain	  appropriate	  cell	  division	  in	  fast	  growing	  B.	  subtilis	  
cells.	  These	  data	  indicate	  the	  presence	  of	  failsafe	  mechanisms	  to	  coordinate	  these	  two	  cell	  cycle	  events.	  This	  ensures	  that	  if	  either	  DNA	  replication	  initiation	  or	  cell	  division	  fail	  to	  occur,	  the	  cell	  will	  not	  divide	  or	  initiate	  DNA	  replication	  until	  the	  cell	  repairs	  itself.	  If	  the	  cell	  cannot	  repair	  its	  division	  or	  replication	  defect,	  these	  failsafe	  mechanisms	  allow	  the	  cell	  to	  exit	  the	  cell	  cycle	  at	  the	  “point	  of	  no	  return”	  or	  PONR.	  	   The	  molecular	  nature	  of	  these	  failsafe	  mechanisms	  remains	  an	  open	  question.	  These	  mechanisms	  might	  be	  bona-­‐fide	  checkpoints	  where	  a	  protein	  “checks”	  whether	  replication	  initiation	  or	  cell	  division	  has	  occurred	  and	  blocks	  the	  next	  step	  in	  the	  cell	  cycle.	  Another	  possibility	  is	  that	  when	  the	  cell	  divides	  or	  initiates	  replication,	  normal	  downstream	  signaling	  causes	  the	  initiation	  of	  DNA	  replication	  or	  FtsZ	  ring	  formation,	  respectively.	  In	  this	  possibility,	  the	  absence	  of	  that	  signaling	  following	  a	  division	  or	  initiation	  block	  would	  result	  in	  a	  loss	  in	  downstream	  cell	  cycle	  events.	  Further	  work	  is	  needed	  to	  elucidate	  the	  molecular	  mediators	  of	  these	  failsafe	  mechanisms.	  Below,	  I	  describe	  experiments	  that	  will	  help	  characterize	  the	  molecular	  nature	  of	  these	  mechanisms.	  
	  
PONR	  validates	  cell	  division	  machinery	  as	  an	  antibiotic	  target	  
Cells	  terminally	  exit	  the	  cell	  cycle	  after	  a	  prolonged	  division	  block	  	   In	  Chapter	  2,	  I	  illustrated	  that	  after	  a	  prolonged	  division	  block,	  cells	  pass	  a	  “point	  of	  no	  return”	  or	  PONR,	  after	  which	  they	  cannot	  recover	  division	  when	  returned	  to	  conditions	  permissive	  for	  division.	  In	  fast-­‐growing	  B.	  subtilis	  or	  S.	  
aureus,	  the	  PONR	  was	  encountered	  ~5	  MDP	  following	  the	  division	  block.	  After	  this	  point,	  the	  cells	  maintained	  intact	  membranes	  and	  protein	  synthesis.	  This	  block	  is	  
analogous	  to	  a	  G0	  cell-­‐cycle	  arrest	  where	  eukaryotic	  cells	  exit	  the	  cell	  cycle	  before	  initiating	  DNA	  synthesis.	  	  	   Somewhat	  surprisingly,	  a	  similar	  cell	  cycle	  arrest	  was	  also	  seen	  when	  cells	  were	  prevented	  from	  initiating	  DNA	  replication.	  If	  initiation	  was	  blocked	  for	  1	  MDP	  prior	  to	  shifting	  back	  to	  permissive,	  cells	  recovered	  division	  when	  shifted	  to	  permissive	  conditions.	  However,	  when	  initiation	  was	  blocked	  for	  3+	  MDP,	  the	  cells	  did	  not	  recover	  division	  even	  when	  shifted	  to	  permissive	  conditions.	  This	  suggests	  that	  cells	  blocked	  for	  initiation	  for	  3	  or	  more	  MDP	  encounter	  a	  cell-­‐cycle	  arrest	  where	  they	  cannot	  initiate	  DNA	  replication	  or	  form	  FtsZ	  rings	  when	  returned	  to	  permissive	  conditions.	  	   	  
Cells	  blocked	  for	  division	  enter	  an	  infinite	  loop	  that	  ultimately	  arrests	  the	  cell	  cycle	  	   The	  cell	  cycle	  arrest	  at	  the	  PONR	  is	  characterized	  by	  intact	  and	  metabolically	  active	  cells	  that	  are	  incapable	  of	  re-­‐entering	  the	  cell	  cycle.	  Our	  favored	  model	  to	  explain	  this	  phenomenon	  is	  one	  of	  a	  “vicious	  cell	  cycle”	  where	  cells	  that	  cannot	  divide	  cannot	  initiate	  DNA	  replication	  and	  then	  cells	  that	  cannot	  initiate	  DNA	  replication	  are	  incapable	  of	  dividing.	  In	  this	  case	  the	  division-­‐dependent	  block	  in	  initiation	  is	  the	  underlying	  cause	  of	  the	  cell	  cycle	  arrest	  at	  the	  PONR.	  As	  mentioned	  above,	  further	  work	  is	  needed	  to	  elucidate	  the	  molecular	  mechanisms	  that	  implement	  this	  cell	  cycle	  arrest.	  	  
Antibiotics	  that	  target	  the	  division	  machinery	  will	  cause	  the	  PONR	  	   The	  cell	  division	  machinery	  is	  an	  ideal	  antibiotic	  target	  due	  to	  its	  essential	  nature	  in	  bacteria	  and	  the	  lack	  of	  conservation	  of	  these	  proteins	  in	  humans	  [10].	  Despite	  this,	  the	  physiological	  impacts	  of	  a	  long-­‐term	  division	  block	  had	  not	  been	  previously	  explored.	  In	  Chapter	  2,	  I	  reported	  that	  S.	  aureus	  treated	  with	  an	  FtsZ	  inhibitor	  encountered	  the	  PONR	  ~5	  MDP	  following	  a	  division	  block.	  Even	  though	  these	  cells	  remained	  alive	  and	  metabolically	  active,	  they	  were	  terminally	  arrested	  and	  could	  not	  recover.	  This	  demonstrates	  that	  cell	  division	  is	  indeed	  a	  great	  target	  for	  antibiotics.	  The	  PONR	  ensures	  that	  cells	  will	  quickly	  enter	  an	  unrecoverable	  state	  and	  remain	  arrested	  even	  following	  the	  removal	  of	  the	  drug.	  These	  arrested	  cells	  can	  then	  be	  targeted	  by	  the	  immune	  system	  or	  will	  eventually	  die	  on	  their	  own.	  In	  addition	  to	  genetic	  blocks	  of	  FtsZ,	  blocking	  a	  downstream	  division	  protein	  also	  resulted	  in	  a	  terminal	  growth	  arrest	  at	  the	  PONR,	  suggesting	  that	  any	  essential	  member	  of	  the	  divisome	  is	  a	  good	  candidate	  for	  antibiotic	  development.	  
	  
Intragenic	  suppressors	  of	  an	  FtsZ	  temperature	  sensitive	  mutation	  reveal	  
residues	  important	  for	  FtsZ	  function	  	  	   In	  addition	  to	  work	  in	  Chapter	  2	  characterizing	  failsafe	  mechanisms	  that	  coordinate	  cell	  division	  with	  the	  initiation	  of	  DNA	  replication,	  this	  thesis	  also	  identified	  residues	  in	  FtsZ	  that	  are	  important	  for	  GTP	  binding	  and	  hydrolysis	  in	  E.	  
coli.	  In	  Chapter	  3,	  I	  described	  a	  screen	  for	  intragenic	  suppressors	  of	  a	  temperature	  sensitive	  allele	  of	  ftsZ,	  ftsZ84.	  FtsZ84	  is	  defective	  for	  GTP	  hydrolysis	  and	  protofilament	  assembly	  in	  vitro	  but	  still	  can	  assemble	  in	  vivo.	  My	  screen	  revealed	  3	  
point	  mutations	  in	  FtsZ84	  that	  restored	  its	  function	  at	  high	  temperature,	  one	  somewhat	  near	  the	  GTP	  binding	  pocket,	  one	  in	  the	  T7	  GTPase	  catalytic	  loop	  and	  one	  residue	  in	  a	  domain	  along	  the	  subunit	  interface	  that	  had	  previously	  not	  been	  identified	  as	  important	  for	  the	  GTPase	  activity	  of	  FtsZ.	  These	  mutants	  restored	  in	  
vivo	  FtsZ	  function	  enough	  to	  support	  some	  assembly	  and	  division	  in	  nonpermissive	  conditions	  and	  restored	  in	  vitro	  GTP	  hydrolysis	  about	  6-­‐fold.	  However,	  they	  did	  not	  restore	  in	  vitro	  assembly	  via	  light	  scattering	  or	  electron	  microscopy.	  This	  calls	  into	  question	  the	  reliability	  of	  traditional	  in	  vitro	  assembly	  assays	  in	  drawing	  conclusions	  about	  in	  vivo	  assembly.	  In	  addition,	  when	  these	  suppressor	  point	  mutations	  were	  introduced	  into	  wild-­‐type	  FtsZ,	  they	  reduced	  its	  GTPase	  activity	  and	  assembly	  to	  varying	  degrees,	  showing	  that	  they	  are	  indeed	  important	  for	  GTP	  binding	  and	  hydrolysis.	  The	  identification	  of	  these	  residues	  furthers	  the	  understanding	  of	  FtsZ’s	  structure,	  GTPase	  activity	  and	  assembly.	  	  	   	  
FUTURE	  INVESTIGATIONS	  	   This	  dissertation	  has	  shed	  light	  on	  the	  mechanisms	  coordinating	  cell	  division	  and	  DNA	  replication	  in	  the	  bacterial	  cell	  cycle.	  Importantly,	  I	  have	  identified	  a	  regulatory	  circuit	  that	  coordinates	  cell	  division	  with	  the	  initiation	  of	  DNA	  replication	  and	  have	  shown	  the	  first	  evidence	  that	  cell	  division	  “licenses”	  the	  initiation	  of	  DNA	  replication	  in	  Bacillus	  subtilis.	  The	  molecular	  nature	  of	  how	  division	  licenses	  initiation	  remains	  unknown	  and	  possibilities	  will	  be	  discussed	  below.	  	   In	  addition,	  I	  demonstrated	  that	  long	  term	  blocks	  in	  division	  in	  B.	  subtilis	  or	  
Staphylococcus	  aureus	  cause	  a	  “point	  of	  no	  return”	  (PONR)	  at	  ~5	  MDP,	  after	  which	  cells	  remain	  alive	  but	  cannot	  reenter	  the	  cell	  cycle.	  I	  showed	  that	  B.	  subtilis	  cells	  blocked	  for	  DNA	  replication	  initiation	  enter	  a	  similar	  cell	  cycle	  arrest	  at	  ~3	  MDP,	  a	  few	  generations	  prior	  to	  the	  timing	  of	  the	  cell	  cycle	  arrest	  after	  a	  division	  block.	  I	  favor	  a	  model	  of	  a	  vicious	  cell	  cycle,	  where	  a	  block	  in	  cell	  division	  inhibits	  DNA	  replication	  initiation,	  and	  then	  without	  replication	  initiation,	  the	  division	  ring	  cannot	  form	  and	  cells	  cannot	  reenter	  the	  cell	  cycle.	  Alternative	  mechanisms	  may	  mediate	  the	  cell	  cycle	  arrest.	  Future	  work	  will	  explore	  these	  possible	  mechanisms	  and	  elucidate	  factors	  that	  regulate	  entry	  into	  the	  PONR.	  	   We	  have	  identified	  a	  PONR	  in	  two	  bacteria,	  B.	  subtilis	  and	  S.	  aureus,	  in	  rich	  media.	  Future	  studies	  will	  help	  discern	  whether	  the	  growth	  rate	  of	  cells	  prior	  to	  experiencing	  the	  division	  block	  influences	  the	  timing	  of	  the	  PONR.	  In	  particular	  we	  predict	  that	  cells	  growing	  in	  single	  fork	  replication	  conditions	  will	  encounter	  the	  PONR	  earlier,	  as	  the	  division-­‐dependent	  DNA	  initiation	  block	  would	  have	  a	  more	  immediate	  impact	  on	  DNA	  replication	  rates	  (in	  the	  absence	  of	  the	  additional	  
ongoing	  replication	  forks	  that	  accompany	  fast	  growth).	  In	  addition,	  further	  studies	  will	  show	  whether	  the	  PONR	  is	  encountered	  in	  other	  bacterial	  species	  that	  are	  subjected	  to	  a	  division	  block.	  	   	  Finally,	  in	  Chapter	  3	  I	  identified	  and	  characterized	  residues	  in	  FtsZ	  that	  are	  important	  for	  GTP	  binding	  and	  hydrolysis.	  Future	  exploration	  will	  characterize	  how	  these	  residues	  impact	  in	  vivo	  and	  in	  vitro	  assembly.	  This	  will	  shed	  light	  on	  whether	  (and	  under	  what	  conditions)	  traditional	  in	  vitro	  assembly	  assays	  can	  be	  used	  to	  approximate	  in	  vivo	  assembly.	  	  
Identification	  of	  the	  molecular	  mechanism	  by	  which	  cell	  division	  
licenses	  DNA	  initiation	  Chapter	  2	  described	  a	  division-­‐dependent	  block	  in	  DNA	  initiation.	  The	  molecular	  nature	  by	  which	  this	  initiation	  block	  is	  mediated	  remains	  an	  open	  question.	  The	  highly	  conserved	  initiator	  protein	  DnaA	  is	  an	  obvious	  candidate	  that	  could	  mediate	  this	  initiation	  block.	  Although	  levels	  of	  the	  master-­‐regulator	  of	  initiation	  DnaA	  transiently	  drop	  at	  the	  PONR,	  restoring	  the	  levels	  does	  not	  affect	  the	  DNA	  initiation	  block	  (see	  Chapter	  2	  for	  more	  detail).	  In	  addition	  to	  DnaA,	  several	  other	  proteins	  help	  regulate	  DNA	  initiation	  and	  may	  be	  responsible	  for	  transferring	  the	  division	  status	  to	  the	  initiation	  machinery.	  
	  Do	  known	  regulators	  of	  DNA	  initiation	  play	  a	  role	  in	  the	  division-­‐dependent	  
DNA	  initiation	  block?	  
	   Of	  the	  known	  factors	  that	  regulate	  DNA	  initiation,	  experiments	  shown	  in	  Chapter	  2	  demonstrate	  that	  the	  initiation	  block	  exhibited	  by	  cells	  inhibited	  for	  division	  is	  unlikely	  to	  be	  due	  to	  changes	  in	  DnaA	  levels	  or	  activity.	  It	  is	  formally	  possible	  that	  reductions	  in	  the	  proportion	  of	  active	  (ATP-­‐bound)	  DnaA	  molecules	  are	  responsible	  for	  the	  replication	  block.	  However,	  this	  seems	  unlikely	  given	  the	  high	  affinity	  of	  DnaA	  for	  ATP	  and	  its	  slow	  hydrolysis	  rate	  in	  B.	  subtilis,	  which	  does	  not	  have	  a	  RIDA	  (regulatory	  inactivation	  of	  DnaA)	  system	  to	  promote	  DnaA’s	  ATP	  hydrolysis	  [11].	  This	  possibility	  is	  further	  reduced	  in	  light	  of	  the	  increased	  rate	  of	  initiation	  and	  DNA	  replication	  we	  observed	  in	  cells	  in	  which	  DnaA	  was	  moderately	  overexpressed	  in	  permissive	  conditions.	  	  	   Other	  candidates	  that	  might	  regulate	  DNA	  initiation	  following	  a	  division	  block	  in	  B.	  subtilis	  include	  the	  DnaA	  regulators	  YabA,	  Soj	  and	  Spo0J.	  YabA	  binds	  to	  the	  β-­‐clamp	  DnaN	  and	  inhibits	  DnaA	  in	  a	  replication-­‐dependent	  manner	  [11].	  Attempts	  to	  delete	  YabA	  in	  a	  conditional	  division	  mutant	  have	  been	  unsuccessful,	  suggesting	  that	  YabA-­‐regulation	  of	  DNA	  replication	  is	  important	  in	  strains	  with	  altered	  division	  pattern	  (Arjes,	  unpublished).	  Soj	  acts	  as	  a	  molecular	  switch	  and	  can	  either	  activate	  or	  inactivate	  DnaA	  [12].	  Soj-­‐ATP	  binds	  to	  a	  region	  of	  DNA	  near	  the	  origin	  and	  stimulates	  initiation	  [11].	  Spo0J	  regulates	  the	  oligomeric	  state	  of	  Soj	  and	  can	  trigger	  Soj-­‐mediated	  inhibition	  of	  DnaA	  [13].	  spo0J	  mutants	  display	  increased	  and	  asynchronous	  initiations	  [14].	  Further	  study	  of	  spo0J	  deletions	  while	  blocking	  
division	  will	  shed	  light	  on	  a	  potential	  regulatory	  role	  of	  Spo0J	  in	  the	  division-­‐dependent	  initiation	  block.	  	   In	  addition	  to	  the	  above	  known	  regulators	  of	  DNA	  initiation,	  regulation	  could	  occur	  at	  the	  level	  of	  the	  recruitment	  of	  the	  three	  helicase	  loader	  proteins	  in	  B.	  
subtilis	  and/or	  the	  assembly	  of	  the	  helicase	  or	  recruitment	  of	  the	  replicative	  polymerase.	  	  	  
Proteomic	  studies	  to	  identify	  cell	  cycle	  regulators	  	   Microarray	  analysis	  at	  2.6	  MDP	  following	  a	  division	  block	  failed	  to	  reveal	  any	  expression	  differences	  in	  candidate	  cell	  cycle	  genes.	  However,	  in	  eukaryotes,	  the	  G1	  cyclin-­‐dependent	  kinases	  mediate	  the	  G1-­‐S	  transition,	  in	  part	  by	  phosphorylating	  transcription	  factors	  to	  activate	  the	  expression	  of	  late	  G1	  and	  S	  phase	  cyclins	  [15].	  It	  is	  plausible	  that	  bacteria	  employ	  a	  similar	  regulatory	  mechanism	  and	  mediate	  division-­‐dependent	  DNA	  replication	  initiation	  via	  the	  phosphorylation	  of	  regulatory	  proteins.	  	  	   Future	  studies	  will	  employ	  proteomics	  to	  identify	  the	  differences	  in	  protein	  level	  and	  protein	  modifications	  following	  the	  division	  block.	  By	  comparing	  the	  protein	  status	  of	  cells	  in	  permissive	  conditions	  versus	  cells	  blocked	  for	  division,	  proteins	  that	  mediate	  cell	  cycle	  progression	  can	  be	  identified.	  The	  most	  direct	  and	  global	  technique	  to	  characterize	  differential	  protein	  expression	  is	  diverence	  gel	  electrophoresis	  (DIGE)	  [16].	  Using	  DIGE,	  I	  can	  directly	  compare	  protein	  samples	  from	  cells	  grown	  in	  permissive	  conditions	  to	  protein	  samples	  of	  cells	  blocked	  for	  division	  at	  several	  time	  points	  before	  and	  at	  the	  PONR.	  This	  comparison	  can	  identify	  
proteins	  that	  are	  differentially	  expressed	  at	  these	  time	  points	  and	  even	  show	  differential	  protein	  modification.	  Time	  points	  within	  one	  MDP	  of	  the	  division	  block	  can	  reveal	  candidates	  that	  regulate	  DNA	  initiation	  while	  protein	  expression	  changes	  closer	  to	  the	  PONR	  could	  reveal	  candidates	  that	  are	  important	  in	  the	  timing	  of	  the	  PONR.	  
	  
Characterization	  of	  the	  cell	  cycle	  arrest	  at	  the	  PONR	  
Determining	  metabolic	  activity	  of	  cells	  past	  the	  PONR	  	   Both	  B.	  subtilis	  and	  S.	  aureus	  retain	  intact	  membranes	  after	  the	  PONR.	  Protein	  synthesis	  levels	  in	  B.	  subtilis	  remain	  near	  wild	  type	  up	  to	  4	  MDP	  following	  the	  PONR.	  This	  suggests	  that	  cells	  are	  alive	  and	  metabolically	  active	  after	  the	  PONR,	  even	  though	  they	  cannot	  form	  colonies	  when	  plated.	  	   To	  get	  a	  more	  accurate	  view	  of	  the	  metabolic	  activity	  following	  the	  PONR	  in	  cells	  blocked	  for	  both	  division	  and	  DNA	  replication	  initiation,	  I	  will	  use	  the	  MTT	  colorimetric	  assay.	  This	  assay	  employs	  MTT,	  a	  water-­‐soluble	  yellow	  dye	  that	  can	  be	  reduced	  by	  the	  dehydrogenase	  system	  of	  active	  cells	  to	  water-­‐insoluble	  purple	  formazan	  crystals	  [17].	  After	  pulsing	  the	  cells	  with	  MTT,	  the	  cells	  can	  be	  lysed	  and	  resuspended	  in	  an	  organic	  solvent	  and	  the	  amount	  of	  reduced	  formazan	  can	  be	  quantified	  with	  a	  spectrophotometer	  to	  give	  a	  direct	  readout	  of	  the	  metabolic	  activity	  of	  the	  cell	  [17].	  MTT	  labeling	  can	  be	  easily	  done	  at	  various	  time	  points	  past	  the	  PONR	  to	  determine	  how	  long	  the	  cells	  retain	  metabolic	  activity.	  	  
	  
Effect	  of	  growth	  conditions	  on	  the	  cell	  cycle	  arrest	  at	  the	  PONR	  	   Preliminary	  evidence	  suggests	  that	  cells	  growing	  in	  slow	  media	  encounter	  an	  earlier	  PONR.	  Cells	  in	  rich	  media	  with	  a	  doubling	  time	  of	  23	  minutes	  encounter	  the	  PONR	  at	  ~5.2	  MDP,	  while	  cells	  in	  a	  more	  minimal	  media	  with	  a	  doubling	  time	  of	  37	  minutes	  encounter	  the	  PONR	  at	  ~4.4	  MDP.	  Further	  experiments	  will	  probe	  the	  relationship	  between	  growth	  rate	  and	  the	  entry	  to	  the	  PONR.	  In	  particular,	  it	  will	  be	  of	  interest	  to	  reduce	  the	  growth	  rate	  further	  and	  determine	  whether	  this	  corresponds	  with	  an	  earlier	  entry	  to	  the	  PONR.	  	  	   The	  growth	  rate	  of	  cells	  might	  be	  correlated	  with	  the	  timing	  of	  the	  PONR	  through	  the	  status	  of	  multifork	  replication.	  At	  a	  slower	  growth	  rate,	  cells	  have	  fewer	  ongoing	  replication	  forks.	  If	  DNA	  replication	  initiation	  does	  indeed	  potentiate	  FtsZ	  ring	  formation	  at	  midcell,	  cells	  growing	  at	  higher	  rates	  that	  have	  multiple	  forks	  progressing	  may	  have	  a	  built	  up	  potential	  for	  FtsZ	  assembly,	  and	  therefore,	  more	  generations	  without	  division	  would	  be	  needed	  to	  reduce	  this	  potential	  to	  zero.	  The	  opposite	  would	  also	  hold	  true:	  in	  slow	  growth,	  there	  would	  be	  fewer	  forks	  going	  and	  less	  built	  up	  potential	  for	  FtsZ	  assembly,	  which	  would	  result	  in	  an	  earlier	  PONR.	  In	  particular,	  it	  will	  be	  interesting	  to	  see	  whether	  blocking	  division	  during	  single-­‐fork	  replication	  conditions	  results	  into	  a	  PONR	  after	  1	  MDP.	  	  
PONR	  in	  other	  organisms	  
	   Further	  work	  will	  also	  be	  needed	  to	  determine	  whether	  the	  PONR	  is	  a	  general	  phenomenon	  in	  bacteria.	  Conditional	  alleles	  of	  ftsZ	  exist	  in	  the	  gram	  negative	  bacteria	  Escherichia	  coli	  and	  Caulobacter	  crescentus	  and	  it	  will	  be	  relatively	  
straightforward	  to	  determine	  if	  these	  organisms	  also	  exhibit	  a	  PONR	  following	  an	  extended	  block	  in	  cell	  division.	  Work	  from	  Miguel	  Vicente’s	  lab	  suggests	  that	  blocking	  cell	  division	  in	  E.	  coli	  results	  in	  a	  PONR-­‐like	  phenomenon,	  where	  cells	  remain	  alive	  but	  lose	  viability	  following	  a	  division	  block	  (unpublished).	  	  In	  addition,	  it	  is	  important	  to	  determine	  if	  pathogens	  such	  as	  Mycobacterium	  
tuberculosis	  and	  Klebsiella	  pneumonia	  also	  employ	  a	  PONR	  mechanism	  following	  a	  division	  block.	  If	  any	  new	  antibiotics	  are	  designed	  to	  target	  the	  cell	  division	  machinery	  in	  pathogens,	  they	  can	  be	  tested	  to	  see	  if	  they	  cause	  a	  PONR.	  If	  the	  PONR	  occurs	  in	  these	  pathogens,	  this	  antibiotic	  would	  only	  have	  to	  be	  administered	  for	  a	  sufficient	  time	  to	  cause	  the	  PONR.	  This	  could	  reduce	  the	  length	  of	  antibiotic	  treatment	  and	  help	  curb	  antibiotic	  resistance.	  
	  
Identifying	  molecular	  mediators	  that	  cause	  the	  cell	  cycle	  arrest	  at	  
the	  PONR	  
Does	  the	  DNA	  initiation	  block	  mediate	  the	  division	  block	  at	  the	  PONR?	  	   In	  light	  of	  the	  data	  that	  cells	  blocked	  for	  DNA	  replication	  initiation	  enter	  a	  PONR-­‐like	  growth	  arrest	  ~2	  MDP	  past	  the	  PONR,	  our	  favored	  model	  is	  that	  the	  division-­‐dependent	  DNA	  initiation	  block	  mediates	  the	  growth	  arrest	  at	  the	  PONR.	  In	  our	  model,	  DNA	  initiation	  is	  needed	  to	  potentiate	  a	  midcell	  site	  for	  FtsZ	  assembly	  and	  without	  DNA	  initiation,	  FtsZ	  ring	  formation	  is	  prevented.	  	  	   If	  we	  assume	  that	  a	  block	  in	  division	  causes	  decreased	  initiation	  through	  a	  mechanism	  that	  involves	  the	  replicative	  origin	  oriC,	  we	  can	  easily	  test	  this	  model	  using	  strains	  that	  employ	  a	  second	  origin	  of	  replication	  (oriN)	  and	  do	  not	  contain	  
oriC.	  One	  prediction	  of	  this	  model	  is	  that	  replication	  initiation	  at	  oriN	  would	  be	  independent	  of	  division	  status	  and,	  even	  when	  division	  is	  blocked,	  DNA	  replication	  initiation	  would	  continue.	  Thus,	  if	  DNA	  initiation	  at	  oriN	  is	  still	  capable	  of	  potentiating	  division,	  cells	  should	  be	  able	  to	  recover	  FtsZ	  ring	  formation	  following	  the	  PONR.	  	  	   Another	  way	  to	  test	  whether	  the	  decrease	  in	  initiation	  following	  a	  division	  block	  causes	  the	  PONR	  is	  to	  try	  to	  enhance	  DNA	  initiation	  before	  the	  PONR	  and	  monitor	  whether	  this	  extends	  the	  time	  until	  the	  growth	  arrest.	  I	  can	  increase	  DNA	  initiation	  frequency	  by	  growing	  Pxyl-­‐ftsZ,	  PIPTG-­‐dnaA	  cells	  in	  increasing	  levels	  of	  IPTG	  and	  monitor	  if	  there	  is	  a	  delay	  in	  the	  onset	  of	  the	  PONR	  via	  plating	  onto	  permissive	  conditions.	  I	  would	  predict	  that	  the	  PONR	  would	  be	  delayed	  when	  there	  are	  increasing	  initiations	  and	  cells	  would	  be	  able	  to	  recover	  division	  for	  a	  few	  additional	  generations.	  	  In	  addition,	  I	  can	  try	  to	  “kick	  start”	  DNA	  initiation	  near	  the	  PONR	  by	  growing	  
Pxyl-­‐ftsZ,	  PIPTG-­‐dnaA	  cells	  without	  IPTG	  and	  then	  plating	  on	  varying	  amounts	  of	  IPTG	  slightly	  before,	  at,	  and	  after	  the	  normal	  PONR.	  If	  DnaA	  is	  capable	  of	  instigating	  DNA	  initiation	  at	  this	  point,	  the	  cells	  could	  theoretically	  reenter	  the	  cell	  cycle	  and	  colony-­‐forming	  units	  would	  be	  increased.	  	  	  
Candidate	  FtsZ-­‐regulators	  and	  cell	  processes	  do	  not	  cause	  the	  PONR	  
	   Several	  protein	  candidates	  that	  regulate	  FtsZ	  ring	  formation	  have	  been	  experimentally	  eliminated	  as	  causes	  of	  the	  PONR.	  These	  candidates	  include	  the	  Min	  system	  that	  normally	  prevents	  rings	  at	  poles.	  One	  could	  imagine	  that	  the	  Min	  system	  
might	  be	  mislocalized	  in	  long	  filaments	  after	  the	  PONR.	  However,	  deletion	  of	  minCD	  did	  not	  restore	  ring	  formation	  and	  viability	  at	  the	  PONR,	  and	  in	  fact	  caused	  an	  earlier	  growth	  arrest	  and	  drop	  in	  CFU	  (data	  not	  shown).	  Deletion	  of	  noc,	  the	  product	  of	  which	  helps	  prevent	  cell	  division	  over	  the	  nucleoid,	  also	  did	  not	  impact	  the	  timing	  of	  the	  PONR	  (data	  not	  shown).	  Deletion	  of	  ezrA	  (EzrA	  negatively	  regulates	  FtsZ	  ring	  formation,	  without	  it	  rings	  would	  be	  more	  likely	  to	  form)	  caused	  the	  growth	  to	  arrest	  at	  an	  earlier	  OD600	  and	  slightly	  reduced	  colony-­‐forming	  units	  at	  the	  PONR	  (data	  not	  shown).	  	   Mechanisms	  independent	  from	  FtsZ-­‐ring	  regulators	  such	  as	  the	  accumulation	  of	  reactive	  oxygen	  species,	  ATP	  synthesis	  and	  protein	  synthesis	  do	  not	  play	  a	  role	  in	  the	  PONR.	  The	  accumulation	  of	  reactive	  oxygen	  species	  (ROS)	  does	  not	  play	  a	  role	  in	  the	  PONR.	  Addition	  of	  ROS	  scavengers	  allowed	  division-­‐blocked	  cells	  to	  plateau	  at	  a	  slightly	  higher	  OD600,	  but	  these	  cells	  exhibited	  the	  same	  plating	  efficiency	  drop	  at	  the	  PONR	  (data	  not	  shown).	  I	  also	  tried	  treating	  the	  cells	  with	  the	  proton	  ionophore	  CCCP	  to	  reduce	  ATP	  synthesis	  1	  MDP	  before	  the	  PONR.	  These	  cells	  still	  encountered	  a	  growth	  arrest	  at	  the	  PONR,	  suggesting	  that	  robust	  ATP	  synthesis	  is	  not	  needed	  to	  trigger	  the	  PONR	  (data	  not	  shown).	  To	  determine	  whether	  new	  protein	  synthesis	  was	  important	  following	  the	  PONR,	  we	  blocked	  protein	  synthesis	  at	  and	  after	  the	  PONR	  using	  chloramphenicol.	  The	  CM	  treated	  cells	  did	  not	  lyse	  and	  remained	  plateaued	  in	  OD600,	  suggesting	  that	  protein	  synthesis	  is	  not	  critical	  for	  cell	  integrity	  after	  the	  PONR	  (data	  not	  shown).	  	   It	  is	  possible	  that	  the	  irregular	  membrane	  invaginations	  observed	  by	  EM	  might	  play	  a	  role	  in	  titrating	  the	  membrane	  bound	  division	  machinery	  and	  prevent	  
FtsZ	  ring	  formation	  indirectly.	  However,	  the	  observation	  that	  dnaBts	  cells	  blocked	  for	  DNA	  initiation	  also	  encounter	  a	  PONR-­‐like	  phenomenon	  even	  without	  the	  extensive	  filamentation	  of	  division	  blocked	  cells	  suggests	  that	  these	  membrane	  invaginations	  do	  not	  play	  a	  role	  in	  the	  cell	  cycle	  arrest	  at	  the	  PONR.	  Future	  experiments	  include	  using	  EM	  to	  look	  at	  the	  membrane	  of	  initiation-­‐blocked	  cells.	  If	  these	  cells	  maintain	  regular	  membranes,	  as	  expected,	  I	  can	  rule	  out	  the	  membrane	  invaginations	  of	  division-­‐blocked	  cells	  from	  causing	  the	  growth	  arrest.	  	  
A	  screen	  to	  identify	  genes	  that	  mediate	  the	  PONR	  
	   To	  identify	  genes	  that	  mediate	  early	  entry	  into	  the	  PONR,	  I	  can	  perform	  a	  screen	  using	  the	  B.	  subtilis	  knock	  out	  library.	  The	  logic	  behind	  this	  screen	  is	  that	  the	  loss	  of	  function	  phenotype	  of	  a	  gene	  that	  mediates	  the	  PONR	  would	  delay	  the	  onset	  of	  the	  PONR.	  We	  could	  transform	  the	  B.	  subtilis	  knockout	  library	  with	  our	  conditional	  division	  mutants.	  We	  can	  pool	  the	  transformants	  so	  that	  mutants	  with	  a	  delayed	  PONR	  can	  outcompete	  strains	  that	  do	  not	  delay	  the	  PONR	  in	  a	  competition	  assay	  as	  described	  below.	  	   To	  screen	  for	  mutants	  that	  extend	  the	  PONR,	  I	  can	  grow	  the	  pooled	  mutant	  cells	  either	  to	  the	  PONR	  or	  ~1	  MDP	  past	  the	  PONR	  (when	  most	  cells	  would	  lose	  viability	  but	  cells	  with	  a	  delayed	  PONR	  would	  still	  be	  able	  to	  recover)	  and	  shift	  them	  to	  permissive	  conditions	  for	  a	  few	  generations.	  After	  a	  few	  generations	  at	  permissive	  conditions	  any	  cells	  that	  can	  recover	  will	  undergo	  a	  few	  rounds	  of	  cell	  division.	  I	  can	  then	  back	  dilute	  the	  culture	  in	  nonpermissive	  conditions	  and	  grow	  the	  cells	  ~1	  MDP	  past	  the	  PONR.	  I	  can	  repeat	  this	  cycle	  to	  enrich	  for	  cells	  that	  have	  a	  
delayed	  PONR.	  The	  mutations	  in	  these	  cells	  that	  impact	  the	  PONR	  can	  be	  determined	  by	  sequencing.	  	  As	  long	  as	  some	  strains	  can	  recover	  division	  fully	  when	  they	  are	  shifted	  to	  permissive	  conditions,	  they	  should	  not	  be	  outcompeted	  with	  suppressors	  that	  restore	  division	  under	  nonpermissive	  conditions.	  In	  addition,	  to	  ensure	  that	  I	  eliminate	  suppressors,	  every	  time	  I	  shift	  the	  culture	  to	  nonpermissive	  conditions,	  I	  can	  perform	  the	  assay	  in	  duplicate	  to	  make	  sure	  the	  OD600	  levels	  out	  near	  the	  PONR.	  If	  the	  culture	  continues	  growing	  exponentially	  until	  stationary	  phase,	  a	  suppressor	  that	  restores	  FtsZ	  levels	  has	  likely	  overgrown	  the	  population	  and	  those	  samples	  can	  be	  removed	  from	  the	  analysis.	  I	  can	  further	  eliminate	  suppressors	  by	  ensuring	  that	  all	  candidates	  identified	  still	  undergo	  a	  PONR	  (albeit	  at	  a	  delayed	  rate).	  Suppressors	  that	  restore	  FtsZ	  levels	  (in	  the	  Pxyl-­‐ftsZ	  strain)	  or	  FtsZ	  activity	  (in	  the	  ftsZts	  strain)	  would	  continue	  to	  grow	  to	  stationary	  phase,	  while	  mutants	  that	  delay	  the	  PONR	  would	  level	  out	  after	  the	  PONR	  observed	  for	  the	  congenic	  division	  blocked	  strains	  but	  prior	  to	  stationary	  phase.	  	   A	  similar	  screen	  can	  be	  utilized	  with	  the	  dnaBts	  strain	  to	  identify	  mutants	  that	  allow	  division	  after	  these	  initiation-­‐blocked	  cells	  normally	  arrest.	  The	  normal	  function	  of	  that	  protein	  would	  be	  to	  repress	  ring	  formation	  when	  initiation	  does	  not	  take	  place.	  These	  screens	  could	  shed	  light	  onto	  mechanisms	  governing	  the	  timing	  of	  the	  PONR	  and	  how	  DNA	  initiation	  potentiates	  FtsZ	  ring	  formation	  at	  midcell.	  	  
Future	  investigations	  regarding	  the	  intragenic	  suppressors	  of	  
FtsZ84	  	   In	  Chapter	  3,	  I	  identified	  residues	  of	  FtsZ	  that	  restored	  GTP	  hydrolysis	  and	  in	  vivo	  assembly	  to	  the	  FtsZ84	  temperature	  sensitive	  protein.	  Conclusions	  revealed	  that	  stabilizing	  proteins	  most	  likely	  allow	  the	  FtsZ84*	  mutant	  proteins	  to	  assemble	  
in	  vivo	  when	  they	  cannot	  assemble	  in	  traditional	  in	  vitro	  assembly	  assays.	  	   Future	  investigations	  include	  identifying	  the	  stabilizing	  proteins	  that	  help	  mediate	  FtsZ84*	  assembly	  at	  nonpermissive	  conditions.	  Candidate	  proteins	  include	  the	  FtsZ	  ring	  associated	  proteins	  ZapA,	  ZapB,	  ZapC	  or	  ZapD	  and	  the	  protein	  ZipA,	  which	  helps	  stabilize	  the	  Z	  ring	  and	  anchor	  it	  to	  the	  membrane.	  I	  can	  assess	  the	  function	  of	  the	  Zap	  proteins	  by	  deleting	  each	  one	  of	  them	  in	  my	  FtsZ84*	  strain	  and	  determine	  if	  they	  alter	  viability	  at	  nonpermissive	  conditions	  and	  ring	  formation	  at	  permissive	  conditions.	  In	  addition,	  I	  could	  overexpress	  these	  proteins	  alone	  and	  in	  combination	  to	  see	  if	  they	  can	  rescue	  the	  nonpermissive	  phenotypes	  of	  the	  ftsZ84*	  mutants.	  Since	  ZipA	  is	  essential,	  I	  could	  explore	  its	  function	  in	  stabilizing	  FtsZ84*	  in	  
vivo	  through	  overexpression	  analysis.	  I	  predict	  that	  if	  ZipA	  plays	  a	  role	  in	  stabilizing	  the	  FtsZ84*	  rings,	  then	  overexpressing	  this	  protein	  will	  restore	  the	  length	  to	  ring	  ratios	  and	  cell	  length	  phenotypes	  under	  nonpermissive	  conditions.	  	   In	  addition,	  future	  directions	  include	  further	  characterizing	  the	  in	  vitro	  assembly	  of	  these	  FtsZ84*	  proteins.	  As	  of	  yet,	  these	  mutant	  proteins	  have	  not	  shown	  any	  in	  vitro	  assembly	  in	  our	  traditional	  assays.	  I	  will	  employ	  electron	  microscopy	  and	  sedimentation	  assays	  of	  the	  FtsZ84*	  proteins	  with	  a	  crowding	  agent	  such	  as	  DEAE-­‐dextran	  to	  see	  if	  I	  can	  force	  these	  monomers	  to	  assemble.	  In	  addition,	  when	  
the	  secondary	  mutations	  were	  inserted	  into	  wild-­‐type	  FtsZ	  sequence,	  they	  reduced	  the	  light	  scattering	  levels.	  I	  next	  will	  determine	  how	  these	  FtsZ*	  mutants	  assemble	  via	  EM	  and	  sedimentation	  assays.	  In	  addition,	  depending	  on	  the	  effects	  of	  combining	  
zap	  mutants	  with	  the	  ftsZ84*	  mutant	  strains,	  I	  could	  purify	  the	  Zap	  proteins	  and	  see	  if	  adding	  them	  to	  the	  FtsZ84*	  proteins	  will	  help	  assembly	  in	  vitro.	  	   This	  work	  has	  shed	  light	  on	  how	  inadequate	  the	  current	  in	  vitro	  assembly	  assays	  are	  for	  predicting	  in	  vivo	  assembly	  of	  protein.	  I	  illustrated	  this	  in	  Chapter	  3,	  where	  I	  showed	  that	  the	  FtsZ84	  and	  the	  FtsZ84*	  proteins	  are	  capable	  of	  assembly	  in	  
vivo	  but	  completely	  defective	  in	  in	  vitro	  assays.	  To	  more	  accurately	  approximate	  the	  dynamics	  of	  FtsZ	  rings	  in	  vivo,	  the	  field	  is	  moving	  toward	  high-­‐resolution	  microscopy	  such	  as	  PALM	  to	  directly	  visualize	  FtsZ	  filaments.	  By	  comparing	  wild-­‐type	  cells	  and	  strains	  that	  are	  mutant	  for	  Z-­‐ring	  stabilizers,	  the	  in	  vivo	  assembly	  of	  individual	  FtsZ	  molecules	  can	  be	  assessed	  [18].	  Exploring	  the	  assembly	  of	  FtsZ84	  and	  FtsZ84*	  using	  PALM	  could	  show	  whether	  the	  rings	  formed	  by	  FtsZ84*	  resemble	  wild-­‐type	  FtsZ	  rings.	  An	  improved	  in	  vitro	  technique	  to	  approximate	  the	  in	  vivo	  assembly	  of	  FtsZ	  could	  be	  dynamic	  light	  scattering.	  This	  technique	  measures	  the	  light	  scattered	  over	  time	  and	  can	  differentiate	  between	  larger	  and	  smaller	  molecules	  based	  on	  their	  Brownian	  motion,	  giving	  a	  size	  distribution	  of	  all	  molecules	  in	  a	  sample	  [19].	  This	  technique	  can	  detect	  small	  oligomers	  that	  might	  be	  present	  in	  FtsZs	  that	  assemble	  poorly	  in	  other	  in	  vitro	  assays.	  This	  assay	  could	  better	  approximate	  whether	  the	  FtsZ84*	  proteins	  can	  form	  short	  oligomers	  that	  are	  not	  observed	  by	  traditional	  light	  scattering.	  	  
	  
CONCLUDING	  REMARKS	  
	   This	  body	  of	  work	  demonstrates	  two	  fundamental	  conclusions	  that	  will	  be	  influential	  to	  both	  the	  bacterial	  cell	  division	  field	  and	  also	  the	  antibiotic	  development	  field.	  First,	  I	  show	  that	  blocking	  division	  causes	  an	  arrest	  in	  DNA	  replication	  at	  the	  level	  of	  initiation.	  This	  division-­‐dependent	  DNA	  initiation	  block	  suggests	  that	  proper	  division	  is	  needed	  to	  trigger	  the	  initiation	  of	  DNA	  replication	  and	  demolishes	  the	  long-­‐held	  belief	  that	  cell	  division	  and	  DNA	  initiation	  are	  independent	  events.	  This	  revision	  of	  the	  bacterial	  cell	  cycle	  will	  undoubtedly	  impact	  the	  cell	  cycle	  field.	  Second,	  I	  show	  that	  blocking	  DNA	  initiation	  or	  cell	  division	  causes	  a	  terminal	  cell	  cycle	  arrest	  at	  the	  PONR,	  after	  which	  the	  cells	  remain	  intact	  and	  metabolically	  active	  but	  cannot	  recover.	  This	  arrest	  is	  analogous	  to	  the	  G0	  cell	  cycle	  arrest	  in	  eukaryotic	  cells.	  The	  terminal	  nature	  of	  the	  arrest	  validates	  the	  cell	  cycle	  machinery	  as	  a	  target	  for	  antibiotic	  development,	  as	  the	  PONR	  ensures	  that	  cells	  will	  not	  be	  able	  to	  recover	  even	  after	  the	  antibiotic	  is	  removed.	  In	  addition	  to	  this,	  I	  also	  identified	  residues	  in	  FtsZ	  that	  are	  important	  for	  its	  GTPase	  activity	  and	  assembly	  that	  shed	  light	  on	  the	  role	  of	  GTP	  hydrolysis	  in	  FtsZ	  assembly.	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